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PREFACE TO THE THIRD ANNUAL SOLID STATE 
TECHNOLOGY BRANCH DIGEST 
The Solid State Technology branch has added personnel again 
this year. Two new additions to the branch roster, Dr. Felix 
Miranda and Ms. Crystal Cubbage, poth majored in physics before 
coming to the branch. Each has been assigned to the investigation 
of some aspect of high temperature superconductivity, an indica-
tion of the branch's (and NASA's) continuing interest in the 
topic. 
This volume represents one year's (June 1990-June 1991) 
production of research publications. Reprints are organized into 
three sections: microwave circuits, both hybrid and MMIC; materi-
.als and device work; and superconductivity. In a number of cases, 
comparisons with last year's digest will indicate a transition of 
some technologies - from material/device work to circuit work or 
from circuit work to subsystem work. The focus in the area of 
fiber optic control of RF circuits has moved almost entirely to a 
system effort with research being conducted almost entirely by 
our sister organization, the Antenna and RF Systems Branch. 
Consequently, only one paper in this area will appear in the journal this year. In general, this type of transition is a 
reflection of the avowed NASA policy to carry out a focussed 
research and technology program, and to shorten the elapsed time 
from research to insertion. 
The first section of the journal deals with microwave 
circuits, both MMIC and hybrid. Although not yet reflected in 
publications, the frequency range under investigation was expand-
ed significantly during the reporting period with the award of a 
contract to TRW for the development of a monolithic W-band, low-
noise amplifier and mixer based on InGaAs/InP technology. Al-
though NASA has not yet identified a need for this frequency 
range, it is clear that the antenna size and power level required 
for transmission of a reasonable data rate during a manned 
interplanetary mission would be too large at any lower frequency. 
Other circuit work, carried out in collaboration with the Antenna 
Systems Branch, continues to investigate the application of 
coplanar waveguide technology to a variety of antenna feed 
systems and coupling schemes. This section also includes a paper 
which, although it describes work using high temperature super-
conductors, appeared to have the design of microwave circuitry as 
a major thrust. The feeling of the editors is that this is 
another indication of technologies "working their way up the 
readiness scale." 
The second section of the journal contains papers devoted to 
development of new heterojunction materials and devices. During 
this last period, testing focus was on InGaAs/InP materials and 
devices, research was carried out in collaboration with the 
University of Michigan. The evaluation of MODFET materials, both 
InP- and GaAs-based, by means of ellipsometry remained a major 
research area. During the reporting period, a major facility, a 
cryogenic RF probe station, was designed and fabricated. Although 
completed too late to be reflected in this journal, this unique 
facility should have a major impact on work in the upcoming year. 
Finally, high temperature superconductivity continued to 
provide the focus for a significant fraction of the branch staff. 
A wide range of activities, from film deposition to microwave 
circuit design, were undertaken and reported. In this area too, 
however, the last year has seen events which will significantly 
focus research efforts. Lewis Research Center and the Jet 
Propulsion Laboratory have agreed to undertake a cooperative 
effort aimed at the design, fabrication, testing, and delivery of 
a superconducting receiver system as a candidate for the Navy's 
second High Temperature Superconducting Space Experiment (HTSSE-
2 ) . 
In addition to these articles, Kul Bhasin and Regis Leonard 
were responsible for editing the proceedings of an SPIE Symposium 
on Monolithic Microwave Integrated circuits for Sensors, Radar, 
and Communications Systems, which took place in Orlando in April, 
1991. 
li 
THIRD ANNUAL SOLID STATE TECHNOLOGY 
BRANCH DIGEST 
Contents 
Section One 
MMIC And Hybrid Microwave Circuits 
Microwave Integrated Circuits for Space Applications 
by Regis F. Leonard and Robert R. Romanofsky ............................................ 3 
Comparative Study of Bolometric and Non-Bolometric Switching 
Elements for Microwave Phase Shifters 
by Massood Tabib-Azar,Kul B. Bhasin, and Robert R. Romanofsky .......................... 13 
Design of an Optically Controlled Ka-band GaAs 
MMIC Phased-Array Antenna 
by Richard R. Kunath, Paul C. Claspy, 
Mark A. Richard, and Kul B. Bhasin ................................................... 23 
A Seven Patch Hexagonal CP Subarray with CPW/Stripline 
Feed Network 
by R.N. Simons, R.Q. Lee, and G.R. Lindamood ......................................... 29 
Coplanar-WaveguidelMicrostrip Probe Coupler and 
Applications to Antennas 
by R.N. Simons and R.Q. Lee ............................................ " ........... '. 39 
New Coplanar Waveguide/Stripline Feed Network for 
Seven Patch Hexagonal CP Subarray 
by R.N. Simons, R.Q. Lee, and G.R. Lindamood ......................................... 41 
New Channelised Coplanar Waveguide to Rectangular 
Waveguide Post and Slot Couplers 
by R.N. Simons .................................................................... 45 
Theoretical and Experimental Characterization of Coplanar Waveguide 
Discontinuities for Filter Applications 
by Nihad I. Dib, Linda P. B. Katehi, 
George E. Ponchak, and Rainee N. Simons ............................... ~ .............. 49 
iii 
Section Two 
Development Of Hetrojunction Materials And Devices 
Ellipsometric Study of InGaAs MODFET Material 
by S.A. Alterovitz, R.E. Sieg, H.D. Yao, 
P.G. Snyder, J.A. Woollam, J. Pamulapati, 
and P.K. Bhattacharya .............................................................. 61 
Low-Temperature Microwave Characteristics of 
Pseudomorphic InxGal_xAs!InO.52AI0.48As 
Modulation-Doped Field-Effect Transistors 
by R. Lai, P. K. Bhattacharya, S.A. Alterovitz, 
A.N. Downey, and C. Chorey ........................................................... 65 
Modeling AlxGa1_x as Optical Constants as 
Functions of Composition 
by Paul G. Snyder, John A. Woollam, Samuel A. Alterovitz, 
and Blaine Johs .................................................................... 69 
Dielectric Function of InGaAs in the Visible 
by S.A. Alterovitz, R.E. Sieg, H.D. Yao, J.A. Wollam, 
J. Pamulapati, P.K. Bhattacharya, and P.A. Sekula-Moise .... '.' ........... ; ................ 71 
Section Three 
High Temperature Superconductivity 
Superconducting Microwave Electronics at Lewis 
Research Center 
by Joseph D. Warner, Kul B. Bhasin, and Regis F. Leonard ................................. 79 
High Temperature Superconductive Microwave 
Technology for Space Applications 
by R.F. Leonard, DJ. Connolly, K.B. Bhasin, J.D. Warner, 
and S.A. Alterovitz ................................................................. 89 
Emerging Applications of High-Temperature 
Superconductors for Space Communications 
by Vernon O. Heinen, Kul B. Bhasin, and Kenwyn J. Long ................................ 101 
lV 
Analysis of Microstrip Lines with Alternative Implementations of 
Conductors and Superconductors 
by K.-S. Kong, H.-Y. Lee, C.M. Chorey, and K.B. Bhasin ................................. 111 
An Experimental Study of High TC Superconducting Microstrip 
Transmission Lines at 35 GHz and the Effect of Film Morphology 
by C.M. Chorey, K.B. Bhasin,J.D. Warner, J.Y. Josefowicz, 
D.B. Rensch, and C.W. Nieh ......................................................... .115 
Microwave Response of High Transition Temperature 
Superconducting Thin Films 
by Felix A. Miranda ................................................................ 121 
Detennination of Surface Resistance and Magnetic Penetration 
Depth of Superconducting YBa2Cu307-O Thin Films by 
Microwave Power Transmission Measurement 
by K.B. Bhasin, J.D. Warner, F.A. Miranda, W.L. Gordon, 
and H.S. Newman ..................... ' .................. , ......................... 123 
Properties of Large Area ErBa2Cu307_x Thin Films Deposited by 
Ionized Cluster Beams 
by L.L. Levenson, M. Stan, and K.B. Bhasin ........................................... 127 
Temperature Dependence of the Anisotropy in Magnetic 
Relaxation in YBa2Cu307_x Thin Films 
by S. Vitta, M.A. Stan, and S.A. Alterovitz ............................................. 131 
Dependence of the Critical Temperature of Laser-Ablated 
YBa2Cu307_5 Thin Films on LaAI03 Substrate 
Growth Technique ' 
by Joseph D. Warner, Kul B. Bhasin, and Felix A. Miranda ................................ 135 
Electromigration Failure in YBa2Cu307_x Thin Films 
by S. Vitta, M.A. Stan, J.D. Warner, and S.A. Alterovitz .................................. 139 
Ellipsometric Study of YBa2Cu307_x Laser Ablated 
and Co-Evaporated Films 
by S.A. Alterovitz, R.M. Sieg, J.D. Warner, M.A. Stan, and S. Vitta ......................... 143 
Millimeter-Wave Surface Resistance of Laser-Ablated YBa2Cu307_5 
Superconducting Films 
by F.A. Miranda, W.L. Gordon, K.B. Bhasin, and J.D. Warner ............................. 149 
v 
Biographies 
Samuel A. Alterovitz ................................................... 155 
Christopher M. Chorey ................................................. 155 
Alan M. Downey ..................................................... 156 
Edward J. Haugland ................................................... 156 
Thomas J. Kascak: ..................................................... 157 
Regis F. Leonard ...................................................... 157 
Rafael A. Mena' ...................................................... 158 
Carlos R. Morrison .................................................... 158 
George E. Ponchak: .................................................... 159 
John J. Pouch ........................................................ 159 
Robert R. Romanofsky . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 
Samuel E. Schacham .................................................. 160 
Ajit K .. Sil ........................................................... 161 
Rainee N. Simons ..................................................... 161 
Mark A .. Stan ......................................................... 162 
Stephan Stecura ...................................................... 162 
Susan R. Taub ........................................ , •............... 163 
Joseph D. Warner ..................................................... 163 
vi 
SECTION 
ONE 
MMIC AND HYBRID 
MICROWAVE CIRCUITS 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
. 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
MICROWAVE INTEGRATED CIRCUITS FOR SPACE APPLICATIONS 
Regis F. Leonard and Robert R. Romanofs1..), 
NASA Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Monolithic microwave integrated circuits (MMICs), which incorporate all the elements 
of a microwave circuit on a single semiconductor substrate, offer the potential for drastic 
reductions in circuit weight and volume and increased reliability, all of which make many 
new concepts in electronic circuitry for space applications feasible, including phased array 
antennas. 
Over the last ten years, NASA has undertaken an extensive program aimed at 
development of MMICs for space applications. The first such circuits targeted for 
development were an extension of work begun earlier in hybrid (discrete component) 
technology in support of the Advanced Communication Technology Satellite (AcrS). As 
a result it focussed on power amplifiers, receivers and switches at ACTS frequencies. More 
recent work, however, has focussed on frequencies appropriate for other NASA programs 
and emphasizes advanced materials in an effort to enhance efficiency, power handling 
capability, and frequency of operation or noise figure to meet the requirements of space 
systems. 
MONOLITHIC MESFET CIRCUITS 
Background 
This work has been carried out under contract with Texas Instruments, Rockwell, and 
Minneapolis Honeywell and Hughes. It is aimed at AcrS-like applications namely, 
communications satellites which feature multiple, electronically steerable beams. Such a 
system would ideally be implemented using phased array antennas with lightweight, low 
volume distributed transmitters and receivers and lightweight monolithic phase shifters 
rather than the extensive network of ferrite phase shifters and switches used by ACTS. The 
initial stages of development therefore were aimed at the development of the monolithic 
circuitry required for such a system. Carried out between approximately 1983 and 1987 and 
featuring transmitter frequencies of 20 GHz·and receiver frequencies of 30 GHz, as required 
for the satellite portion of the system, the program utilized as a basic device the GaAs 
metal/semiconductor field effect transistor (MESFET). The program produced a number 
of developments, each of which consisted of one or more monolithic chips. Some of these 
are described here. 
3 
The :;P,lcc :;tatioll pro'\lllllty cummunications system IS intended to provide 
comillunications \\'ilhin a radiu:; of se\'crallO's of kilometers of the space station. Users 
would include free flying experimental platforms, the orbital maneuvering vehicle (OMV), 
and astronauts in EVA. The originaJ planning [or this system utilized frequencies in Ku-
band. It is not clear at this time whether tbat assignment will be maintained, inasmuch as 
there exists possible interference with commercial, fIxed satellite services. Nevertheless, 
~everal rhips have been developed at 13-15 GHz to accommodate this application. The most 
challenging of these \Vas a variable power amplifier intended primarily for use by astronauts 
during EVA. The system design requires approximately 1 watt of output power. Power 
variability is necessary because of the \vide variation in range experienced by the astronaut. 
Of course, high efficiency is also a prime consideration. The development of the chip was 
undertaken by Texas Instruments in January 1987. Their design is a four stage monolithic 
circuit using dual gate GaAs MESFET technology. The chip is shown in Figure 1. 
FIGURE 1. 15 GHZ MONOLITHIC VARIABLE POWER AMPLIFIER 
The performance of the amplifier, compared to the design goals, is shown in Table 1. 
T.-\BLE l. 
l ~ GH Z HI G H EFFIClEKCY VARIABLE POWER A\,1PLIFIER 
C" l=- :\; ' I' j=- j' FR E-Q ' I'" -\"-I' \\ " r)r -J 'G IJr _ . _ , '- .;) .. ..J J I \. 1 _ )
GAIN (dB ) 
MAX POWER OLTPLT (\V) 
EFFICIE:\CY AT ~1AX POWER (o/c ) 
FI NAL STAGE GATE WIDTH (MM) 
4 
DESIGN GOAL 
PERFORMANCE 
2.0/14.0 
15.0 
1.0 
35 
2.0/ 17.0 
29.6 
.92 
30 
1.5 
20 GHz variable power amplifier 
Since, ideally, a phased-array antenna should be able to vary the phase and the amplitude 
of each antenna element independently, one desireable module for such a system would be 
a variable power amplifier. Because of the stringent limitations on power consumption 
imposed by a space system, it is desireable to maintain insofar as possible the efficiency of 
a power amplifier while adjusting output power. For this reason, the contractor (Texas 
Instruments) chose a dual gate FET as the basic device for design of this chip, and adjusted 
the device bias to obtain variable output. The topology of the amplifier closely resembles 
the Ku-band amplifier illustrated earlier. This was one of the earliest MMICs developed 
under the NASA program. A summary of its performance compared to design goals is 
shown in Table 2. 
TABLE 2 
TEXAS INSTRUMENTS 20 GHZ VARIABLE POWER AMPLIFIER 
BANDWIDTH (GHZ) 
MAX POWER OUTPUT (W) 
EFFICIENCY AT MAX OUTPUT (%) 
GAIN (dB) 
4TH STAGE GATE WIDTH (MM) 
High power 20 GHz amplifier 
DESIGN GOAL 
2.5 
0.5 
15 
20 
PERFORMANCE 
2.5 
0.25 
<10 
20 
1.2 
A second 20 GHz chip focussed entirely on the production of the maximum possible 
20 GHZ power in a monolithic chip. Once more the contractor was Texas Instruments. This 
effort resulted in a three stage amplifier using single gate FETs. In order to achieve the 
desired power output, each stage features multiple parallel gates (as many as 32 for the 
output stage). The chip performance is summarized in Table 3. 
TABLE 3. 
TEXAS INSTRUMENTS 20 GHZ mGH POWER AMPLIFIER 
BANDWIDTH 
MAX POWER OUTPUT (W) 
EFFICIENCY AT MAX POWER (%) 
GAIN (dB) 
LAST STAGE GATE WIDTH (MM) 
DESIGN GOAL 
2.5 
2.5 
20 
15 
5 
PERFORMANCE 
2.5 
>2.0 
16 
18 
3.6 
20 GHz integrated transmitter module 
Ultimately, one desires to incorporate all tbe elements of a transmitter module (pbase 
shifter, variable power amplifier, and power amplifier) on a single chip. The advantages of 
such high level integration include: improved reliability, compactness, potential performance 
enhancements, and reduced cost. Such a project was pursued under contract with RockwelL 
The chip produced a 21 dBm output power with 15 dB gain. A picture of the module 
developed under this effort is shown in Figure 2. 
FIGURE 2. Rockwell 20 GHz Transmit Module 
30 GHz integrated receiver 
Active phased arrays have been proposed for a number of NASA applications, including: 
array feeds for deep space communications, multiple-beam satellite communications, 
hemispherical coverage multiple access communications for space station Freedom, orbital 
debris tracking for space station Freedom, and adaptive arrays for distorted reflector 
compensation. To enable the practical implementation of scanning arrays, the complexities 
of device and antenna integration must be solved. As a preliminary step, prototype 30 GHz 
receiver modules were developed by Hughes and Honeywell. Honeywell developed an 
interconnected MMIC receiver for which all functions were performed at the RF frequency. 
The device consisted of a two-stage 0.25 by 100 micron gate FET low noise amplifier 
(LNA), a two-stage dual-gate gain control amplifier, and a four bit switched-line/loaded-line 
phase shifter. The receiver produced a noise figure of 14 dB at maximum gain (13 dB) and 
achieved full 360 degree phase coverage in nominally 11.25 degree increments. Ultimately, 
the LNA would require six stages of amplification, which would reduce the noise figure, in 
principle, to about 5 dB. Hughes was directed to implement phase shift control at the LO 
frequency and gain control at the IF. The advantage of this approach is that the array beam 
forming network can be implemented at lower frequencies, albeit the benefit could be offset 
by the need for a mixer at each antenna element. In fact, the mixer was perhaps the most 
troublesome component in both designs, providing a best case conversion loss of 8 dB. 
6 
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HIGH PERFORMANCE MONOLITHIC CIRCUITS 
Background 
It is clear that all of the GaAs MESFET-based modules, although they constituted 
benchmark achievements at these frequencies, suffered from many of the same problems 
as the earlier hybrid implementations of solid state technology. For the power devices, their 
efficiencies make their use marginal for space applications, except in very limited numbers, 
such as would be required if they were used as a driver for a higher efficiency final stage. 
An attempt to use multiple chips with any kind of combining would lead to prohibitively 
large prime power requirements. For receiver modules, the noise figures obtained using 
MESFET technology are not competitive with that which can be attained using discrete 
devices and custom-tuned circuits. However, recent advances in semiconductor materials, 
enabled by the development of molecular beam epitaxy (MBE) techniques, have drastically 
improved the performance which basic devices can achieve. Typically, power-added 
efficiencies near 50% can be obtained for a single device at frequencies near 30 GHz. While 
device noise figures less than 1 dB are possible at 60 GHz. 
At the present time NASA Lewis is sponsoring the development of monolithic chips 
based on heterojunction devices. Two of these at 32 GHz are for possible use in the space 
(transmitter) portion of the deep space communications network. The third and fourth at 
60 GHz are intended for application to intersatellite communications, such as might be 
required by Advanced TDRSS or lunar/Mars exploration. A fifth chip will operate at 95 
GHz, with potential applications in interplanetary communications, or in earth-observation 
systems. 
32 GHz Amplifiers 
In another application the NASA deep space communications network is considering 
a conversion to Ka-band. The primary motivation for such a change is the significant 
increase in antenna gain (for a fixed aperture size) and the corresponding decrease in power 
requirements (for a fixed data rate). Increased antenna gain, however, implies smaller beams 
and therefore more stringent pointing requirements. Such a situation, of course, is ideal for 
implementation of an electronically steerable phased array, which does not disturb other 
critically-pointed spacecraft instruments (experiments or sensors) in the way a mechanically 
steered antenna would. To support breadboard evaluations of such a system, 32 GHz power 
amplifier modules are under development. The contractors executing these efforts are Texas 
Instruments and Hughes Aircraft. The TI work has been under way since May, 1985, and 
is near completion, while the Hughes effort was initiated in June 1988. 
TI proposed and originally designed amplifiers using GaAs MESFET technology, but 
was directed, after approximately 18 months work, to concentrate on heterojunction devices. 
Specifically, they have investigated AJGaAs/GaA~ HEMT structures and pseudomorphic 
InGaAs/GaAs structures. At this point it is clear that the pseudomorphic technology 
7 
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FIGURE 3. Texas Instruments' Pseudomorphic Power Amplifier Structure 
The performance parameters for two of the pseudomorphic chips developed under this 
program are shown in TabJe 5. 
TABLE 5. 
TEX.~S INSTRL\1ENTS 32 GHZ MONOLITHIC POWER AMPLIFIER 
PERFORMA)\CE 
BAND\\'IDTH (GHZ) 
GAIl\ (dB) 
GATE LE:\GTH (ul\l) 
FINAL STAGE GATE WIDTH (MM) 
POWER OLTPUT (mW) 
EFFICIE:\CY (%) 
3-STAGE AMP 
2.0 
23 
0.25 
.25 
190 
30 
I-STAGE AMP 
2.0 
4.6 
0.25 
.25 
460 
24 
. Tbe layuui or the ·, .. :·I.'C-~l2ge 2.6 mm by 1.2 mm MMIC amplifier j , :::.hown in figure 4. 
FIG R[ -L TI's .)-STAGE MONOLITHIC 32 GHZ Al\1PLIFI£I{ 
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In a parallel 32 GHz effort Hughes Aircraft Corporation's Microwave Products 
Division and Malibu Research Laboratories are collaborating on the development of a 32 
GHz variable power amplifier. The design goals for this chip are shown in Table 6. 
TABLE 6. 
DESIGN GOALS FOR HUGHES 32 GHZ VARIABLE POWER AMPLIFIER 
BANDWIDTH (GHz) 2.0 
MAX POWER OUTPUT (m W) 150 
EFFICIENCY AT MAX POWER(%) 40 
GAIN AT 1 DB COMPo (dB) 15.0 
The Hughes contract, like most such developments at this time is to be carried out in 
several phases. These will consist of (1) the optimization of a single gate device design, (2) 
the development of a single stage amplifier, (3) the development of a dual gate device, (4) 
the design, fabrication, and test of a three-stage, single gate amplifier, and finally, (5) a 
three stage dual gate amplifier. In the 16 months that the Hughes team has been under 
contract, they have carried out the first two phases. The epita>.)' which they have selected 
for the basic device is similar to that utilized by TI, except that Hughes has elected not to 
dope the active layer. It does,however, utilize a single active InGaAs layer with donors on 
each side. The structure and performance parameters for the basic 32 GHZ device are 
shown in Figure 5. 
AJxGat-iAl r II PlAHAR 
I DOPING 
Ii 1111' "Ii II" i Ii Ii I P I i I iI oS i I 
---------------
"" ti tt iI" " It ' , " " ' t t , 2 '< ' - - - - - ---
QW '-SI PlANAR 
-------- DOPING 
SI QW SUBSTRATE 
FREQUENCY 
GAIN * 
POWER OUTPlIT* 
EFFICIENCY * 
GATE WIDTH 
GATE LENGTH 
32.0 
4(5) dB 
222(123)mW 
23(41)% 
300 uM 
0.2 uM 
*tuned for max power( eff) 
Figure 5. Structure and Performance of Hughes 32 GHz Power MODFET 
This device has been incorporated into a single stage amplifier which exhibited an output 
power of 125 m W at 21 % efficiency with 5.5 dB gain. This amplifier is intended as the third 
stage of the final monolithic module. These results represent the first iteration of this chip, 
and significant improvement is expected before the program ends. 
9 
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()() C Hz Amplifi ers 
In addition, under the same contract, Hughes is developing a 60 GHz monolithic 
power amplifier. The justification for this program is eventual application in intersatellite 
links. Although NASA's plans for the Advanced Tracking and Data Relay Satellite 
(ATDRS) do not presently call for 60 GHz crosslinks, it seems likely that if such technology 
were available it would eventually find applica tion in that area. The performance goals for 
the program, are shown below in Tabl e 7. 
TABLE 7. Performance Goals for Hughes' Pseudomorphic 60 GHz 
Power Ampli fier 
BANDWIDTH (GHz) 
MAX POWER OUTPUT (W) 
GAIN (dB) 
EFFICIENCY (%) 
2.0 
0.1 
15 
30.0 
At 60 GHz Hughes is using the same basic pseudomorphic device structure as at 32 GHz, 
although the gate lengths have been shortened somewhat (0.1 to 0.15 uM) . The layout and 
the performance achieved for a single stage amplifier are shown in Figure 6. The chip is 
approximately 1.5 mm long. As in the 32 GHz module, the amplifier shown is intended as 
the third (high power) stage of the completed monolithic amplifier. 
POWER OUT 
GAIN 
EFFICIENCY 
FIGURE 6. Hughes Single Stage Monolithic 60 GHz Amplifier 
FUTURE ACTIVITIES 
10 
U2mW 
6 dB 
26% 
I 
_J 
I 
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Phased Array Development 
The 32 GHz power amplifier modules developed by Texas Instruments and described here 
are scheduled to be incorporated into a breadboard transmitter array antenna which will 
also utilize phase shifters developed under NASA Lewis sponsorship. This work is being 
carried out at NASA's Jet Propulsion Laboratory, where a two dimensional array is expected 
to be completed late in calendar year 1990. 
The Hughes work at both 32 Ghz and 60 Ghz is probably at least a year away from being 
used even in a breadboard system. Although the contract is scheduled for completion in 
early 1991, it has yet to address what has been one of the major difficulties in the 
fabrication of a multistage power amplifier - inadequate large signal device models. It has 
been a common experience for a designer to develop excellent individual stage amplifiers, 
which meet all the requirements of the overall power and gain budget, only to find that the 
multistage module performance falls far short of the program requirements. Consequently, 
it appears optimistic to expect that Hughes will complete their development by 1991. 1992 
would appear to be more realistic. At that time, it is anticipated that a 60 GHz breadboard 
array will be built, either at JPL or at NASA Lewis. As with the Ka-band array, it will utilize 
monolithic phase shifters which are being developed in parallel at Hughes. 
W-Band Receiver 
The most recent MMIC developmental effort is the production of a 94 GHz receiver. 
Potential applications include deep-space communications, radiometry, and orbital debris 
tracking radar. Goals of the program include a noise figure of 3.5 dB and a gain of 18 dB. 
It is anticipated that the ambitious goals of this program will necessitate a technology based 
on InP, rather than traditional GaAs. 
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COMPARATIVE STUDY OF BOLOMEI'RIC AND NON-BOWMETRIC 
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ABSTRACT 
This paper compares the performance of semiconductor and high-T c superconductor switches as they are 
used in delay-tine-type microwave and millimeter-wave phase shifters. We compare such factors as their 
ratios of the off-to-on resistances, parasitic reactances, power consumption, speed, input-to-output 
isolation, ease of fabrication, and physical dimensions. Owing to their almost infinite off-to-on resistance 
ratio and excellent input-to-output isolation, bolometric superconducting switches appear to be quite 
suitable for use in microwave phase shifters; their only drawbacks are their speed and size. 
We also discuss the SUPERFET, a novel device whose operation is based on the electric field effect in 
high-Tc ceramic superconductors. Preliminary results indicate that the SUPERFET is fast and that it can 
be scaled; therefore, it can be fabricated with dimensions comparable to semiconductor field-effect 
transistors. 
I. INTRODUCTION 
Phase shifters are an indispensable part of phased-a.'Tay microwave antenna systems. There are many 
different realizations of phase shifters, which can be broadly divided into analog and digital types [1]. 
Here we confine ourselves to only digital and planar configurations. Specifically, we will discuss 
microstrip line phase shifters [2]. 
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wee parameters can be altered to cause a phase shift in an electromagnetic wave traveling on a micros trip 
line. These are velocity (3], path length [1], and reactance [4] (or the load in a transmission line that 
effectively changes the group velocity). Changing the velocity or path length is straightforward. Changing 
reactances is more involved and it is usually so frequency sensitive that it is rarely used except where 
frequency-dependent phase shift is sought. Changing the wave velocity is relatively easy in a traditional 
waveguide; so it is used extensively with recra.,gular waveguides. though not in microstripline-based 
systems. Inducing a change in the wave velocity requires an electro-optic substrate such as GaAs, whose 
permittivity or refractive index can be altered by an external electric field (only recently has attention been 
given to this approach [5]). Routing the microwave through paths of different length (delay lines) is a 
practical way of inducing phase shift that we will consider in more detail. 
Figure 1 shows a delay line phase shifter that uses electronic switches to route the microwave through 
different paths. Ideally, these switches would have an infinite off-to-on resistance ratio and would not 
interfere with the propagation of the microwave; also there would be no interaction between the control 
signal of the switch, and the microwave. In the following sections, we will discuss semiconductor and 
superconductor switches and we will compare their performances. 
Figme 1 Delay line Phase shifter. 
II. SEMICONDUCTQR SWITCHES 
PIN diOdes [6] and field effect transistors [7] are used as semiconductor switches in delay-line phase 
shifters. PIN diodes are also used as varactors in analog phase shifters, as are FETs in amplifier-type 
phase shifters. Dual-gate FETs [8] have become popular in analog phase shifters because a single device 
can both amplify and switch a signal; essentially they are dc-gain-controlled microwave amplifiers and 
phase shifters. 
PIN Diodes. PIN diodes are extensively discussed in the literature (for example, see reference 1). They 
are minority-carrier devices and, therefore, their power consumptions are high. They have a storage delay 
time of 0.2 ~ and "on" resistance of 0.5-5 n [9,10], but are relatively lossy with an "off' resistance of 1-
4 Mil and capacitance of 0.4-0.8 pF [9,10]. The physical dimensions of a low-power PIN diode in the 
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unpackaged planar form is approximately 25~m x 100~m. However, since they require a biasi ng circuit 
their overall effective dimensions are much larger. 
MESFETs and MISFETs. These devices have been developed extensively in recent years, and they 
are used in microwave-monolithic integrated circuits (usually GaAs based) successfully. They are 
majority-carrier devices and require linIe power. They have an "on" resistance of 0.5-5 n [9,10], but are 
lossy with an "off' resistance of 1-40 K.Q and drain-to-source capacitance of 0.4-0.8 pF [9,10). Their 
switching speed is as high as 0.1 ns. Low-power FETs in the unpackaged planar form are lOO).l.m x 
l00~. However, since they require a biasing circuit, their overall effective dimensions are much larger. 
Ill. SUPERCONDUCTING SWITCHES 
Superconductor switches that can be used in phase shifters are of the following types: (1) bolometric 
devices heated by light [11,12] or by an overlay poly silicon or metallic heater, (2) devices photonically 
controlled by laser excitation [13], (3) magnetic field effect devices controlled by the magnetic field of an 
inductor loop [14], (4) transverse electric field effect devices controlled by charging a gate electrode [15-
21], and (5) longitudinal electric field effect devices controlled by current density [21]. 
Bolometric Devices. In Figure 2a, we show a phase shifter that uses superconducting-normal-
superconducting switches in place of FET/diode switches. The switches are fabricated from high 
temperature thin fihns ofYBa2Cu30]_x. The switches operate in the bolometric mode with the fUm near 
its transition temperature. Radiation from a light source raises the temperature higher than the film's T c 
and consequently causes the film to become resistive. When the light is on the microwave signal travels 
past the switch; it is reflected when the light is off. To achieve the desired phase shift, the paired switches 
on the same side are illuminated. Figure 2b shows the predicted behavior for a phase shifter with an Rs 
e . 000 ~:;:::::::;:=:;;:::::;::::::;::::::;==;:::::::;:::::;:::::::;;:::;::~ 
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Figure 2 a) A delay line phase shifter with bolometric switches. b) Insertion and reflection 
losses of a delay line phase shifter that uses superconducting switches. 
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value that is the same as gold at 77 K (0.1 .0) and having a Rs of 1.0 in the normal state. It has an 
exceptionally narrow insertion loss envelope and excellent return loss. 
Bolometric switches have an "on" resistance of nearly 0 n and an "off' resistance of 0.1-4 kn. In 
microwave application, their kinetic inductance and skin resistance must also be taken into account in 
calculating their "on" impedance. These switches are approximately 25J..lIIl x l000J.lIIl. Their speeds, 
however, are very low-around Is. They can be redesigned, however, to be as fast as 10}ls [12] 
We have fabricated the above phase shifter and we now discuss the bolometric response of one of its 
switches. Figure 3 shows the resistance versus temperature curve of this switch. The transition width is 
somewhat large-about 1 K. This is mainly due to the very narrow channel. Figure 3 also shows the 
bolometric response of this switch. We will report the microwave characteristics of this phase shifter in 
the future. 
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Figure 3 Resistance versus temperature 
graph (solid line) and the bolometic 
response of a superconducting switch. To 
obtain the bolometric response, the device 
was illuminated with a 5mW ReNe laser 
that was chopped at 4 Hz. The channel 
width was 10 !lID. and the channel length 
was 0.5 mm. 
A typical fabrication sequence starts with the growth of the HfS film. followed by its patterning, etching, 
and metallization. Growth of the YBa2Cu30]-x films on microwave substrates is discussed in references 
23-26. Patterning is discussed comprehensively in reference 25. 
Bolometric devices are quite easy to fabricate. After the film is grown, it is patterned and the bolometer is 
defined. Then the devices are annealed in an oxygen rich environment to increase the oxygen content in 
the film and to compensate for any losses that might have occured in the previous stages. In reference 25 
we discussed the side effects of the panerning of IITS YBa2Cu30]-x films comprehensively. We 
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concluded that patterning lowers the Tc of the film by only a fraction of a degree-for all practical 
purposes, negligi ble. A more significant problem is the potential non-uniformity of T c over the mm. In 
the case of the bolomenic devices, where all the devices are thermally biased near their transition 
temperature, a spatial non-uniformity in Tc is not acceptable and local control over the bias temperature 
may be requirec. The degree of the spatial non-uniformity ofTc depends on the growth technique. In 
laser ablated-fllms, non-uniformity ofTc is only fraction of a degree over a 1 cm2 wafer. 
As growth techniques mature, highly uniform films will become a reality and the scatter of T c of these 
devices may soon be within 1/10 of a degree for a 1 cm2 microwave circuit. Meanwhile, we may solve 
this problem by locally tailoring the Tc of a device by laser heating, which causes a preferential oxygen 
loss in the HTS fllm of the device and therefore lowers its T c' This technique can be used to lower the Tc 
of all the devices on a wafer accurately to 77 K so that rather inexpensive liquid nitrogen can be used 
directly without a temperature control unit. 
Ph%nic Devices. Non-equilibrium optical excitation can be used to switch the state of a 
superconductor to normal conductivity [13]. In the case of ceramic superconductors, the coupling cross 
section between the photons and charge carriers is not known yet. It is not clear whether this cross section 
is large enough to allow the useful employment of this excitation process in superconducting switches. 
The speed of such a device, however, will surpass all other devices discussed here. 
Mafnetjc Field Effect Devices.In these devices, an inductive loop generates a magnetic field parallel 
to the a-b plane of a YBa2Cu3~_x film as shown in Figure 4. YBa2Cu3~_x is a type II superconductor 
and vortices can be easily generated in it by relatively low magnetic fields [14]. A vortex containing a 
quantum of magnetic flux in the presence of a current leads to dissipation of energy in the film, so vortices 
can be generated to effectively increase the resistivity of the film or to destroy its superconductivity. 
DIELECTRlC SUBSTRATE 
MgO.LAGa03·L~C3 
Zr02. SrTi~ 
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- Figure 4 Schematic of a magnetically 
cono-oiled superconducting switch. 
Transverse Electric Field E(fect Devices. These devices operate on a principle very similar to 
that of FET devices, where the electric field effect controls the conductivity of the channel. Because T cis 
a function of the carrier density in superconductors[ 15-22], we propose to control T c by electrostatically 
controlling the surface charge density of a superconducting channel [21]. The feasibility of this idea has 
already been demonstrated in normal superconductors [15-17]. In normal superconductors, T c is a weak 
function of the electric field. However, in ceramic superconductors Tc can be made to be a strong 
function of an applied electric field because the nonnal carrier densities in these materials are an order of 
magnitude less than in metallic superconductors. Moreover, carrier density in ceramics can be tailored by 
doping [22]. 
Figure Sa shows a superconducting electric field-effect device [21]. This structure consists of a thin 
channel a few thousand A thick and 5-501J.IIl wide, consisting of the superconducting material with two 
pads at each end to allow four point resistance measurements. Ohmic contacts were made directly to the 
superconductor by attaching 2 mil gold wires with a wedge wire bonder. A Schottky contact was made 
to the superconductor structure midway along the channel by depositing on the sample lOnm of titanium 
followed by 200nm of gold by evaporation. It is believed that interaction of titanium with the oxygen in 
the superconducting material is responsible for the Schottky behavior. Patterning of this contact was 
done by the lift-off technique. 
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O.IS 
~ §. 0.10 
I!l 
~ 
< t;; 
~ O.OS 
C( 
Elccu-icaJ aw-acleristic:s ofTEFET 
_"g=O 
xxx ,,&=2 \lolLS 
MgO, LAGa03 ' LaAIOJ 
Zr02• Sr'fiC3 (a) 
0.00 
(b) 20 40 60 
Figure 5 
TEMPERA 11JRE (K) 
a) Schematic of an electric field-effect superconducting transistor. b) The resistance 
versus temperature characteristics of the electric field-effect transistor with two 
different gate biases of 0 and 2 volts. The channel current was 0.5 mAl The channel 
width was 10 ~m and its thickness was 2000 A. The gate width was 10 ~m. 
80 
The AC resistance of the channel at 1kHz was measured as a function of temperature while different DC 
voltages were applied across the Schottky contact and the ground pads (see Figure 5b). As Figure 5b 
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shows, the transition temperature of the channel can be lowered considerably by this voltage. For this 
device, the influence on the transition temperature is due to the critical current being exceeded by the 
applied gate voltage. We are now refining our fabrication procedure to take advantage of weak links 
between the superconducting grains and to modulate the current by modifying the inter~ular barrier 
heights using the electric field effect. This device can switch between a zero resistance and several 
hundred Ohms if it is maintained just below the transition temperature at T s (Figure 5b). 
Field-effect switches have an "on" resistance of 0 n and an "off' resistance of 0.1-4 kQ. In microwave 
application, their kinetic inductance and skin resistance must also be taken into account in calculating their 
"on" impedance. These switches are about 50j..l.II1 x lOOOj..l.II1, and they can easily be scaled down to the 
size of a typical semiconductor FET. 
Fabrication of the active field-effect superconducting device is slightly more involved than that of a 
bolometric device, because it requires an insulating layer between its channel and gate. However, the lift-
off technique has been conveniently used to define the insulating layer, as discussed in reference 21. 
Since the gate voltage or current (in the case of magnetic field effect devices) can be used to change the 
channel resistance, the requirement of spatial uniformity of T c is not as stringent for field-effect devices 
as it is for the bolometric devices. 
Lonejtudinal Electric Fjeld Effect Devjces. A pseudo-three-terminal switch is shown in Figure 
6. In this device, exceeding the critical current density between the gate and the source turns off the 
superconducting drain-te-source channel. This device offers very poor input-te-output isolation (almost 
zero) and excellent off-te-on resistance ratio (almost infinity). It is also extremely easy to fabricate and 
does not require a heat or light source. Current sources have large impedances; for this device to work, 
the impedance of the switch in both the "on" and "off' states must be smaller than that of the biasing 
circuit at microwave frequencies . 
R 
Figure 6 Schematic of a longitudinal electric field-effect device. 
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IV. DISCUSSION & CONCLUSION 
To compare the performance of the above devices, we show their pertinent parameters in Table I. In this 
table "speed" is the inherent switching speed of the corresponding device. The off-to-on resistance ratio 
is denoted by "RoflRon" and is measured at dc. For bolometric devices, RofflRon is not infinite because 
these devices are thermally biased slightly above their zero-resistance state for maximum responsivity. 
The capacitance in the off state is denoted by "Cod' and is measured at IMHz. A more relevant parameter 
in analysing the superconducting microwave switch is its kinetic inductance and skin resistance. We have 
not considered these here. High-frequency considerations will only result in somewhat lower off-to-on 
impedance ratios. The power needed to tum on a device is denoted by "P." This power is only an 
estimate and, therefore, it is discussed qualitatively. The isolation between the input (control signal) and 
the output (microwave) is denoted by "in/out isolation." For bolometric and photonic devices, the input-
output isolation is very large, almost infinite. Size is denoted qualitatively, taking into account the entire 
circuit The complexity of the switching circuit and its fabrication are also described qualitatively, lightly 
taking into account the fabrication steps and issues. Table I shows that the bolometric switches are very 
easy to fabricate and that they offer excellent input-to-output isolation as well as a good off-to-on 
resistance ratio. Their only drawback is their speed. Non-bolometric superconducting switches, on the 
other hand, are very fast. 
TABLE I 
Device Speed Hoff Co!f 
--(ns) Hon (pF) 
PIN 200 4xl06 0.4 
MESFET <1 8xl04 0.4 
MISFET <1 lOS 0.2 
Bolo me tric 104 > 107 < 0.1 
Photonic 10-3 
-
< 0.1 
LEFET* 0.1 
-
< 0.1 
TEFEJi 1 >107 0.4 
# Longitudinal Electric Field-Effect Transistor. 
$ Traruverse Electric Field-Effect Transistor. 
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Pover 
high 
med 
lov 
hlgh 
lev 
med. 
lov 
inJout Size Circuit 
iso!. IFabric . 
:Jmall med. ~h 
,mall :Jma11 med . 
large ,ma11 med . 
-
med. lev 
-
med . ~h 
lov med . med. 
high med . med. 
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1. Il\'TRODUCTIOl' 
Phased-array antennas long have been investigated to support the agile, multibeam radiating apertures with rapid 
reconfigurabiJity needs of radar and communications. With the development of the Monolithic Microwaye 
Integrat ed Circuit (MMIC), phased array antennas having the stated characteristics are becoming realiz3blc. 
However, at K-band frequencies (20-4D GHz) and higher, the problem of controlling the My\llCs using 
conventional techniques either severely limits the array size or becomes insurmountable due to the close spacing 
of the radiating elements necessary to achieve the desired antenna performance. 
Investigations have been made that indicate us ing fiber optics as a transmission line for control information for 
the M~lI Cs pro'ides a potential solution [ref. 1 J. By adding an optical interface circuit to pre-exist ing M \fl C 
designs, it is possible to take advantage of the small size, Lightweight, mechanical flexibility and RFI/EMI resistant 
characteristics of fiber optics to distribute MMIC control signals. This paper will describe the architecture, circuit 
devclopment , testing and integration of optically controlled K-band MMIC phased-array antennas. 
2. PHASED-ARRAY AATENNA ARCHITECTURE 
1'\ASA Lewis Research Center's Space Electronics Dilision has been investigating using MMICs in K-band ph3sed-
array antennas. Due to the 0.6 lambda radiating element spacing required to eliminate grating lobes in the front 
radiating hemisphere (+,- 90°), the distance between elements is 5mm (200 mils) at 30 GHz. The prc,ious 
MMIC development at NASA-Lev.;s [ref. 2J has yielded devices at this fr equency. The device of greatest 
importance, the phase shifter, is approximately 250x125 mils in dimension . This size rivals that of the radiating 
element and consequently forces equally close spacing of the MMICs. Spacings this close do not allow for 
conventional interconnects to be used. Therefore, a decision to exploit fiber optics was made and a contract to 
develop a low power, high speed OptoElectronic Interface Circuit (OEIC) was begun by Honeywell 's Science 
Center in 1986 [ref. 3J. 
3. HYBRID OElC DEVELOPMENT 
A hybrid OEIC was delivered for verification in 1989. The circuit features an optical receiver comprised of an 
interdigitated (2um finger width, 5um finger spacing) PIN photodiode and a three-stage (-lOdB/stage), 
capaciti,'Cly-couplcd, differential Low Noise Amplifier (LNA) v.1th approximately 100mW of power consumption 
[fig. IJ . The hybrid OEIC design used a second circuit design under a second NASA contract [ref. 4J to pro,ide 
1:1 (j demultiplexing and GaAs to TIL logic level level shifting. The hybrid design requires external clocki ng. 
synchronization and level shifting to complete the interface to the 30GHz MMIC phase shifter. As configured, 
Optoelectronic Signal Processing for Phased-Array Antennas II, vol. 1217, 1990, pgs. 255-259 
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the hybrid OElC takes a serial optical input and demultiplcxes it into 16 TTL level our puts. The maximum dar a 
rate thJt the optical receiver can support is lGbps; however, the demultiplexer limit s the data r<.l te to only 
300:-'1 bps. 
4. HYBRID OEIC TESTI r-;G A..'\O EVALUATION 
As detailed in reference 3, the hybrid OElC performance was tested and verified . The inherent dcby between 
tl:c optical and electrical interface signals is accommodated for using adjustable time-delay pulse gcnerJt ors . The 
MMIC phase shifters require 0 and -6 volt sv.itcb.i.ng levels which are provided for by ex1ernal CMOS analog 
multiplexers. Two different characterization/verification tests were made as described below. 
The first test evaluated the hybrid OElC characteristics and functionality [fig. 2]. A 64-bit NRZ-format word was 
cycled, and after external clock and synchronization signal timing was adjusted, the corresponding TTL le\'e l output 
bit signals were measured. The optical power required to obtain repeatable performance was > 200u\\', and the 
overall power consumption (dependant on termination impedance and demultiplexer output magnitude) was 
measured to be as low as 120m\\'. 
The second test used the hybrid OElC together with a 30GHz MMlC phase shifter. Employing an interferometric 
technique , the sv.;tching of the phase shifter by the hybrid OEIC could be measured by monitoring the constructive 
and dest ructive interference effects at the interferometer output v.ith a crystal det ector [fig. 3]. The external le\'el 
shifter limited the test switching frequency to 2MHz; however, the use of this technique verified the hybrid 
OEl C's abilities to control the 45°, 90° and 180° bits of the phase shifter. 
5. MONOLITHIC OEIC 
While a fully monolithic OEIC was the anticipated deliverable from the OEIC contract, a materials processing 
problem prevented the successful development of the low power demultiplexer which ine\itably led to a hybrid 
approach using a known, working demultiplexer (slower in speed and higher in power consumption). Further 
investigation by Honeywell into the processing problem finally led to the fabrication of usable fully monolithic 
devices [fig. 4] . The new devices feature the integrated optical receiver as before but require only an ex1e rnal 
clock signal. Synchronization is generated internally on the OEle. 
Future generations of fully monolithic OEIC designs will be augmented to provide enhanced performance and 
functionalit y. The current fully monolithic OEIC still requires a delay adjustable external clocking signal and whcn 
used in a phased-array of an appreciable size, will require adjustable delays for each MMl C in the array to 
account for the signal delay to the distributed MMIC elements. This can partly be corrected for by encoding the 
clock signal into the data stream and adding the necessary decod ing circuits to the OEle. Also, the OElC is not 
a 'smart" device. As it is currently configured, it relies upon the circuit sending it data to sort out its data from 
the data being sent to other OEIC/ MMIC modules. 
Distributed intelligence architectures as mentioned above are a relatively new concept for phased-array antennas, 
which heretofore relied upon single point array control. However, the OEIC circuitry is perfect ly suited to 
combine all of these functions together. The design techniques to allow for independent address decodi ng, on-
chip "look-up tables" and autonomous control are weU-known and could be implemented in future OEIC/MMIC 
generations. NASA plans to investigate distributed intelligence architectures in future designs. 
6. PUu\'NEO Il\'TEGRATIO.'( A..\·O TESTI~G 
The critical issue to address in utilizing the OEIC in phased -array antennas is how to integrate the OEIC into 
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the o\'CTall array architect me. l\ASA is designing and planning to evaluate techniques to address the int egrat ion 
issues. LC\'craging off a NASA -Lewis program to develop MMIC packaging and characterization techniqucs abo\'C 
20GHz [ref. 5], a package to house a new generation of 32GHz MMIC phase shifters ",~ll be designed and 
fabricated . 
Because the OEIC requires no ground plane for operation, it can be isolated from the ground plane necessary 
for both the MMIC and the radiating patch antenna. A carrier has been designed to mount the fully monolithi c 
OEIC on, which minimizes the number of bias and external control signals [fig. 5] . The OEIC carrier is then 
epoxied onto the lid of the MMIC phase shifter package. This "piggy-back" approach results in two levels of wire 
bonds from the OEIC carrier [figs. 6 &8] . One set of bonds connect the OEIC carrier to the top surface 
bias/clock distribution board, while a second set a bonds connect the OEIC data output lines to the MMIC 
package . Although it is not desirable to have two-level "'~re bonding, it is believed that "nip-chip" and via hole 
connection techniqu es could be used to eliminate these problems, and stable, reliable connections would be 
realized. 
In order to test th e integrated OEIC, NASA will design and build (in-house) an optical transmiller /controllcr 
suitable to control up to a 16 element optically controlled MMIC phased-array antenna. The transmitter / controller 
will use LEDs as channel signal sources and will prO\ide for external clocking signal delays. When complete, the 
phased-array will be tested by measuring the antenna beam performance as the antenna is optically/electronically 
steered. 
7. CO~CLUSIONS 
This paper has presented and discussed the use of fiber optic distribution of control signals in K.-band M\fIC 
phased-array antennas. Through the development of OEICs and their subsequent combination with pre\iously 
developed M\1JCs, it has been shown that a potential solution to distributing control information to MMICs in 
closely-spaced arrays is possible. Further, a plan to integrate OEICs into MMIC phased-array antennas has been 
outlined, and future modifications to the OEIC have been discussed. 
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ABSTRACT 
A seven element microstrip subarray of hexagonal 
geometry has been designed and tested at S-band 
frequencies. The microstrip patch antenna is excited at 
a single feed position using a direct probe type 
connection to generate a circularly polarized (CP) wave. 
The RF power is coupled to these feed positions by a 
novel coplanar waveguide/stripline feeding network. The 
paper describes the subarray architecture and the feed 
network in detail. The measured results include the feed 
network characterization as well as the radiation 
patterns of the subarray. 
INTRODUCTION 
Microstrip patch antennas have many salient 
features such as low cost, light weight, thin profile, 
conformability and ease of fabrication which makes them 
attractive for satellite communications applications. 
These antennas can be excited to radiate linearly 
polarized or circularly polarized (CP) waves using only 
a single feed. For linear polarization, a rectangular 
patch antenna is excited with the feed located near the 
center of one edge to achieve proper impedance matching. 
To generate CP waves without the use of phase shifters or 
hybrid couplers, a nearly square patch must be used with 
the feed position determined as given in [1]. 
This paper describes the architecture of a seven 
patch hexago.nal CP planar subarray (Fig. 1). The seven 
patches are fed in equal amplitude and phase by a novel 
probe type feed network. The feed is formed by a multi-
layer network which is realized using a combination of 
coplanar waveguide (CPW) and balanced stripline. 
*Surnrner Student Intern at NASA Lewis Research Center. 
29 
----------
FEED SYSTEM DESIGN AND PERFORMANCE 
The feed system consists of a 7-way radial CPW 
power divider network [2] I a balanced stripline line 
stretcher and a CPW to stripline coupler. The RF power to 
the radial CPW power divider network (Fig.2) is fed by a 
coaxia l line. The axis of the coaxial line and the plane 
of the CPW circuit are orthogonal. Thus the inner 
conductor of the coaxial line meets the junction formed 
by the intersecting center strip conductors of the CPW. 
The outer conductor of the coaxial line is slotted and 
meets the ground planes of the CPW. In this manner, the 
seven radial CPW lines are excited in equal amplitude and 
phase [2]. The measured return loss at the coaxial input 
port, the power coupled to anyone of the seven output 
ports and the isolation between any two output ports are 
shown in Figures 3(a) thru 3(c). At the design frequency 
of 2.2875 GHz, the measured insertion loss is only 0.15 
dB more than the 8.45 dB theoretically expected for a 
seven way divider. The return loss and the isolation are 
better than 10 dB and 15 dB respectively. 
The output signal from the power divider is 
coupled to a balanced stripline line stretcher by a post 
coupler. The line stretcher equalizes the path length to 
each of the seven patch antennas. Finally, the signal 
from the line stretcher is coupled to the patch antennas 
by a second post coupler which also works as a probe 
feed. Figure 4(a) shows a CPW to a balanced stripline 
post coupler. In this coupler, the center strip conductor 
of the CPW and the strip conductor of the stripline are 
electrically connected by a metal post. The metal post 
enters the stripline through an aperture in the ground 
plane. The ground plane of the CPW and the stripline are 
connected together by bond wires and shorting pins. The 
preliminary measured characteristics of the coupler are 
presented in Figure 4(b). The insertion loss and return 
loss of the coupler are about 0.4 dB and 12 dB at 2.2875 
GHz. 
SUBARRAY DESIGN AND PERFORMANCE 
The patches (4.45 x 4.39 cms) are arranged in a 
triangular lattice to form a hexagonal geometry with an 
edge to edge spacing of 0.43 inches. The assembled 
subarray and the feed and power divider network are shown 
in Figs. 5(a) and 5(b) respectively. The measured radia-
tion patterns of the array at 2.325 GHz for the ¢ = 0° 
and ¢ = 90° planes are shown in Figs. 6(a) and 6(b) 
respectively. The measured on axis axial ratio for the 
LHCP is 1.5 dB and the 3dB beam widths are 36° in both 
planes. The gain of the antenna as determined from the 
beam widths is 13 dB. The measured return loss at the 
coaxial input port of the array is better than 15 dB at 
the design frequency and is shown in Fig.7. 
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CONCLUSIONS 
The design and performance characteristics of a 
CPW/Stripline feed network have been presented. A seven 
patch hexagonal CP subarray fed with this feed network 
has demonstrated excellent CP patterns. 
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COPLANAR -WAVEGUIDE/MICROSTRIP 
PROB E COU PLER AND APPLICATIONS TO 
A NTENNAS 
t"dexing terms : Ml crostrip. Antennas 
A method to couple microwave power rrom a coplanar wave-
gUIde III a microstrip line on opposite sides of a ground plane 
IS demonstrated . The coupler uses a metallic post which 
passes through an aperture on the ground plane connecting 
Ihe strip conductor of the coplanar waveguide 10 the micro-
strip line. The measured insertion loss and return loss .re 
aboul I dB and IOdB. r""pectivcly. across the frequency 
range of O·045-6·5GHz. To demonstrate potential applica-
tions of the coupler as a reeding network for a microstrip 
palch array. measured radiation patterns of two rectangular 
pa tch a ntennas wlth a direct coplanar~waveguide /m icroslrip 
fe(:d and wilh a proximity coupled coplanar-waveguide! 
mlcrostrip feed 3re presented . 
illlrotiuclion ' The coplanar wa veguide (CPW) has several 
ad vantages o ver conventIo nal planar transmission lines which 
makes Ihe C PW ideall y suited fo r micro wave integrated 
circuit compo nents. I.' At the same time, Ihere is a growing 
inl cres t in microstrip a ntennas Occause of their advantages 
over comentio nal antennas.' In phased arrays for satellite 
communica ti o ns systems. some of the requirements th a t have 
to be met a re sma ll size. light weight. thin profile. and high 
effie ienc) . T o sa tisfy these requirements. it is important that 
the compo nent s fo r va rio us circuit functions. the feed netwo rk 
a nd Ihe radia to rs a re fully integra ted . In addition. it is equally 
impo rt a nt to completel) shield the circuits and the feed system 
fr o m e lectro magnetic interference (EMI) and electromagnetic 
pube (EM PI. A simple solutio n to this problem is to build the 
ystem using mixed tra nsmission media such as a combination 
o f CPW and microstrip line. 
In thi s paper. a novel integra tion technique by which micro-
wa ve power is coupled fro m a CPW to a microstrip line 
located nn the o pposite sides o f a ground plane is demon-
' !ra ted . 'AIMI. the radia ti o n pattern o f two rectangula r pa tch 
antennas integrated with a direc t CPW/ microstrip feed and 
WIth a prox imity o r electromagneti call y coupled C PW I 
tl1lcrostrip feed a rc presented. 
In a phased array . the couple r has the advantage of inte-
gra ting a l'PW reed netwo rk with active and passive circuit 
c,lmpo ll cnt s 10 a micros trip-hascd radia ting system. I n addi-
tIo n. th e microstrip ground plane in the co upler serves several 
useful func tio ns. Firstl y. It acts as a natural shield for the feed 
network aga Inst EM I a nd EM P. Secondl y. It acts as an addi-
r COlJln n ur v\ o\€'g..J1d e rpu t 
cc u ,orcr 
,\ .)\ euu o e 
.;r rr.:.ll1"·ot=J ..... 
j e I:! ' ~ I ' 
S .'.' ... ·r :1,:. .... 
'-0 
·l~ e r h.,;rt> of 
j'Jmelt"r D;, I I 
mil( 'G~ ' ''~' 
jr1 ,'-c;...' ,,"If> 
fI'rt .. l r 
'I f a ame ' e" J , 
Ou " put , per '" 
tiona I heatsi nk fo r active devices and provides mechanical 
strength to t he thin structure. 
Coupler and parch amenna integration : A CPW to microstrip 
line coupler is shown in Fig. I. The CPW and the microstrip 
line share a common ground plane that has an aperture. The 
coupler is fo rmed by a mctal post which passes through the 
C PW po rt a 
• CP N pert b 
" ' . ~ 
Fig. 2 Sr hpmalic dingram iIIwilrl1l i ll!l ime~rOlioll o} il r ectanf:/u lcJr putdt 
unlt'nllu 
Q Direct co planar-waveguide: mic.:rustrip feed 
< = 52·58mm }' = 44' )2 mm 
b Proximil} coupled coplanar-wavegu ide 'micru, trip feed 
, = 52·5R mm .\' = 44 ·)2mm T, = 0 ·25 mm Cd = 2· 2 
aperture and co ntacts the strip co nductors o f the CPW and 
the microstrip line. respectl'ely . A pair of wire bonds located 
adjacent to the post tie the CPW ground planes and the 
rni crostrip ground planes ttl a commo n potential. The thick -
ness and dieleclric constanl o f the sub trate are typical or 
those used in C PW circuits a nd micros trip patch radiatllrs. 
The chara.:teristic impedance of thc CPW is 70n which is 
- rn .-r,c, trlp lIre 
O_ ' pu l ,r,p .• : 
.por l __ 
Fil!. I Sc hem.u lt' d i( l t/r am illlI \ lrdlin~J ( opl,mar-\\'o l'<,yu ide to micr oslrip prohi' clHJplt' r 
S ~ t t~mm IV = 0 25 mm II:" = O·76mm 
0 , ~ l · tl ~ ll1m D , - 254mm T, = j 18mm 
<. \- 2:! 7~- :...o () · 25 mm c., ~ = 22 
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chosen to provide a good match to the characteristic imped-
ance of the son microstrip line.' The diameters of the aper-
ture and the metal post were experimentally optimised to 
obtain the best insertion loss characteristics. It is worth noting 
that the post diameter turns out to be greater than the micro-
strip line width; however, this is essential for obtaining a low 
insertion loss characteristic. 
The integration of a rectangular patch antenna with a direct 
CPW /microstrip feed and proximity coupled CPW /microstrip 
feed is schematically illustrated in Fig. 2. The dimensions of 
the patches are chosen to resonate at about 2·2GHz and each 
has a linear polarisation which is parallel to the plane of the 
antenna. The substrate parameters for Fig. 2 are same as those 
in Fig. 1. 
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Fig. 3 Measured inserrion loss and return loss of coupler 
Experimental results: The measured insertion loss of the 
coupler over a wide frequency band extending from 0·045 to 
6·5 GHz is shown in Fig. 3. The measured insertion loss which 
is less than 1 dB includes the losses occurring in the junction, 
the attenuation of the short length of CPW and microstrip 
line on either sides of the junction and that of the two coaxial 
connectors used at the input and output ports. Also superim-
posed on Fig. 3 is the return loss which is better than 10 dB 
across the band and is independent of the measurement port. 
The measured radiation patterns of the micros trip patch 
antennas are presented in Fig. 4. It is observed that the two 
methods of excitation result in essentially identical radiation 
patterns. 
Conclusion and discussions : A novel ,technique to couple 
microwave power from a CPW to a microstrip line located on 
the opposite sides of a ground plane and its application to 
patch antennas has been demonstrated. Because of its low loss 
and wide bandwidth, the coupler has potential applications in 
feed systems of wideband antennas such as spirals and log 
periodic arrays. As a concluding remark it may be mentioned 
that monolithic implementation of the coupler using semicon-
ductor via hole technology would result in much smaller size 
with reduced parasitics and therefore have potential applica-
tions at millimetre-wave frequencies. 
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NEW COPLANAR WAVEGUIDE/STRIPLINE 
FEED NETWORK FOR SEVEN PATCH 
HEXAGONAL CP SUBARRAY 
J"cl l..' \III(} I cr", , 11 clff.'( /lJiJt ',\. S'rip/tlle,' and 'tripl'''l' ( 0"'-
{lt Jlle,,". AJI!e"wl \ 
A novel (,"W-w -,trirline rost courier is demonstrated . This 
dcvi"c "<lUrie, the output rower from a coax-to-C PW 
inrhase ,even-way radial rower divider to a balanced stri-
pline line stretcher and together forms a multilayer probe-
tyrc feed networ~. The reed network excites a seven patch 
hexagonal circularly rolarised (CP) subarray. The measured 
return loss and insertion loss of the coupler are hetter than 
17 dR and 0·25d B at the design frequency of 2·875GHz. The 
measured on-axis axia l ratio for the left hand circular polari-
sa tion (LHCP) is 1·5 dB and the 3 dB beam widths are 36 in 
the princira l planes of the subarray. The gain of the subarray 
IS 13 dR. The input return loss of the subarray is better than 
IOdB. 
Illtroductioll : In sa tellite communications beam-to-beam iso-
lation and frequency reuse are important requirements which 
can be achieved with orthogonal polarisation. For reflector 
a ntenna systems, polarisation diversity has been achieved by 
the use o f complex beamforming networks. Although, the 
reflect or type antennas are efficient they suffer from several 
disadvantages. Microstrip patch antenna arrays on the other 
hand have many salient features such as low cost, light weight. 
thin profi le, conformability and ease of fabrication I and are 
therefo re actively pursued . 
This Letter describes the architecture of a seven patch hex-
agonal CP planar subarray. The seven patches are fed in 
equal amplitude and phase by a novel probe type feed 
network . The probe feed avoids the use of phase shifters or 
h\ hrid t:(l uplcr, to genera tt: a circul..lrl~ pola flsed ''<I' C and 
h ~lllx: i, slmpk to fabricate . The feed is formed b~ a Illultila yer 
nctwod, which i, r.:aliscd u,ing a wmrination uf cl'planar 
w<lvcguidc (epw). halanccd striplinc and coaxial linc. Y ( 'I = 90°) 
z 
via hole 
probe 
feed _-
/ 
CP patch'/ 
antenna 
feed point 
/ 
subar ray clfcuit board ......// 
rccd I/(' I,, ·ori- <llId SlIh<lrruy desiYII : Fig. I illustratc~ the multi-
layer construction of the sevcn patch hexagonal CP suharray. 
The feed network for this array consists of a eoax- to-C PW 
inphast! seven-way radial power divider 2 and a halanced stri-
plinc line stretcher o n separate dielectric substrates coupled by 
a post coupler. Fig. 2 illustrates the CPW-to-balanced strip-
line post coupler. In this coupler, the centre strip conductor 
of the CPW and tht: stripl ine are electrically connected by a 
metal post through an aperture in the ground plane. The 
diameters of the aperture and the metal post were experimen-
tally optimised to obtain the best insertion loss characteristics. 
The thickness and relative permittivity of the dielectric sub-
strate are typical of those used in CPW and stripline circuits. 
The ground plane of the CPW and the stripline are connected 
together by bond wires and shorting pins to ensure equipo-
tential of both surfaces. The line stretcher is a son line whose 
length is chosen so as to equalise the distance of separation 
between the radial CPW output ports and the feed points of 
the hexagonal subarray. The patches are nearly square 
(44·5 x 43 ·9 mm) and are arranged in a triangular lattice to 
form a hexagonal geometry with an edge-to-edge spacing of 
10·899 mm along the 4> = 0° plane and 10·99 1 mm along the 
4> = 90" plane. The feed position is determined as explained in 
Reference 3. The patch array is fabricated on a dielectric sub-
strate of thickness a nd relative permittivity of 0·508 mm and 
2· 1, respectively. 
Feed l1etwork al1d subarray performal1ce: The measured return 
loss (S 11) and insertion loss (S21) of the post coupler are better 
than 17dB and 0·25 dB, respectively, at the design frequency 
of 2·2875GHz and are illustrated over a wide band of fre-
I line stretcher 
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via hole divider 
/r- cop loner 
wovegui de to 
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junction 
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power divider 
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st reI cher {coupler 
circuil board 
Fig. I Schemulic diuyram ;lIllstralillY multilayer crmstructiull of seCi'll pilleh he,uyolllli CP ." ,harray 
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quencic' m rig. 3. The measured rar-field radiation patterns or 
the suharray at 2·325GHz for the'" = () and", = 9() planes 
arc shown in Figs. 4 and 5. re.pcctively. The measured on-axi. 
axial ralio for the LIler is 1·5dB and the 3l1B hcam width. 
are 36 in hoth planes .. ( he gam of the anlenna a~ determined 
o 
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.; 
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n 
f 
" -30 
nngrf' , degree~ 
rrom the heam width~ is 13 dB. As ~lwwn in Fig. 6. the mca-
sured return lo,s IS"I at the cn:nial input Pllrt (Ir the ,uh-
ami) IS round to he hetlcr Ihan lOlIB:1I 2·J2;(iHI. 
Oh,""""'" .111<1 ("'Ilc/,,,io,,.': " t1<\\'d techni<\ue to couple 
mil'row,l\c power rrom an inpha'c ~c\cn-way radial power 
,=X= 
I}'., 
di,ider to a seven patch hc\agonal CP subarray has been 
demonstrated. The post coupler which is crucial tn thi. design 
has low lo~s and wide bandwidth. The subarray which 
exhihit~ CP pattern. has thin prolilc and light weight. and is 
therefore ~uil<lble a' a hUilding block ror larger arrays. 
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NEW CHANNELISED COPLANAR 
WAVEGUIDE TO RECTANGULAR 
WAVEGUIDE POST AND SLOT COUPLERS 
Indexing terms: Waveguides, Waveguide components, Waue-
guide couplers 
Two new coplanar waveguide to rectangular waveguide cou-
plers with coupling through a post and a slot are experimen-
tally demonstrated. The couplers operate over the K.-band 
transmission and X-band reception frequencies that are 
designated for sateUite communications. The measured inser-
tion loss and return loss are about 1 dB and 10dB, respec-
tively, for both couplers. 
Introduction : Coplanar waveguide (CPW) is a very useful 
transmission line for microwave integrated circuits and has 
several advantages over conventional micros trip line. 1 The 
channelised coplanar waveguide (CCPW)2 is a new variant of 
the conventional CPW. This Letter presents the design and 
experimental characterisation of new CCPW-to-rectangular 
waveguide post and slot couplers. In the post coupler, coup-
ling is through a metal post that enters the waveguide through 
a circular aperture in the centre of the top broad wall. In the 
slot coupler, coupling is through a printed longitudinal radi-
ative slot in the centre of the narrow wall. These couplers can 
inject signals directly from a circuit such as a monolithic 
IMPATI/Gunn diode oscillator into a waveguide. Hence 
these couplers have potential applications in sateJlite commu-
nication systems such as Very Small Aperture Terminals 
(VSATs). 
Coupler design and Jabrication : Post coupler: A CCPW -to-
rectangular waveguide post coupler and a CCPW circuit 
board with a probe are schematically illustrated in Figs. 1 and 
2, respectively. The channel width C, centre s trip conductor 
width S, and slot width W of the CCPW for a given substrate 
thickness d are determined as explained in Reference 2. The 
waveguide height, width and wall thickness are denoted as a, b 
and T, respectively, and are standard for a given frequency 
metat port of 
diameter dl \ 
operture of \ 
dKlfT1eter d2 in '\ \ 
waveguide wall \ \ 
copper clod 
d . 
standard / 
rectanagular 
waveguide 
(WR -62) 
output! input 
(port 2) 
cnannelised 
coplanor-
waveguide 
Input loutput 
(port 1) 
Fig. 1 Cutaway drawing of CCPW-to-rectangular waveguide post 
coupler 
a = 7·8994mm 
b= 15·7988mm 
C = 5·08= 
d= 3·175mm 
d, = 1·3208mm 
d2 = 5·08= 
L. = 5·715= 
T= 1·016mm 
Lv = 4·191= 
£, = 2·2 
L-L--' 
I !R;=:=I=~ 
Fig. 2 CCPW circuit board with probe 
S = 1-143mm 
W = 0·254mm 
Ls = 2·54= 
R, = 0·889mm 
R2 = 1·143mm 
band. The axis of the two tranSmISSion lines are parallel ; 
however, they can be oriented at any arbitrary angle. A metal 
post of diameter d 1 enters the waveguide through an aperture 
of diameter d2 to form an electric probe. The length of the 
probe extending into the waveguide is Lp- The opposite end of 
the post is attached through the dielectric substrate to the 
centre strip conductor of the CCPW. The waveguide and the 
CCPW are terminated in a fixed short circuit which are 
placed at a distance Lw and L. from the centre of the post, 
respecti vely. 
Coupler design andJabrication: SIOI coupler: A CCPW-to-rec-
tangular waveguide slot coupler and a CCPW circuit board 
with a coupling slot are schematically illustrated in Figs. 3 
and 4, respectively. The coupling slot is flush with the inner 
surface of the waveguide narrow wall and consequently inter-
Electronics Letters, 9th May 1991, Vol. 27, No. 10, pgs. 856-858 
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double side 
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coplanar -
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[mIT! 
Fig. 3 Cutaway drawing of CCPW-to-rectangular waveguitk slot 
coupler 
a = 7·8994mm 
b = 15·7988= 
C = 5·08mm 
d = 0·7874mm 
L= 25·4mm 
Lw = 11·43mm 
t, = 2·2 
double side 
copper clad 
dielectric 
substrate 
1)611< 1 
Fig. 4 CCPW circuit board with coupling slot 
S = 0·6858mm 
W=0·3048mm 
SI = 1·397= 
WI =0·254mm 
L, = \·143mm 
WI =0·254mm 
Ls = 11·0236 mm 
rupts the transverse surface currents. Thus power from the 
TEIO mode is coupled to the CCPW. The slot width is chosen 
as o· 254 mm for ease of fabrication. The slot length is equal to 
the channel width C. The waveguide and the CCPW are ter-
minated in a short circuit placed at a distance L.". and Ls from 
the centre of the coupling slot, respectively. The length of the 
impedance matching taper L, is equal to A.g(ccrrr/2 
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Experimental coupler performance: For the post coupler, Lw 
and Ls are approximately A.1f._ .. ""u./6 and A.lf.ccrw/6, respec-
tively, at the centre frequency. The radii of curvature R, and 
R2 in the CCPW centre strip conductor and the ground plane 
at the location of the post are approximately (}7d1 and (}7d1 
+ W, respectively. Further, ddb and L,Ja are equal to (}084 
and 0·723, respectively. The above parameters, obtained 
through experimentation, resulted in satisfactory insertion and 
return loss characteristics. The measured return loss (Sll) at 
the CCPW port and the insertion loss (S,u) between the 
CCPW and the waveguide ports of the post coupler are pre-
sented in Fig. 5. The post coupler operates over the entire Ku 
band which includes VSAT transmission frequencies (14·0 to 
14· 5 GHz) and has an insertion loss of less than 1 dB and a 
return loss of gxeater than lOdB. 
For the slot coupler, Lw and Ls are approximately 
A.0< __ -*/4 and A.g(ccrrr/2, respectively, at the centre fre-
quency. The measured return loss (Sd at the CCPW port and 
the insertion loss (S12) between the CCPW and the waveguide 
ports of the slot coupler are presented in Fig. 6. The slot 
coupler has an insertion loss of about 1·5 dB and a return loss 
of greater than lOdB at VSAT reception frequencies that 
extend from 10·95 to 12·2GHz. 
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Fig. S Measured return loss (Sll) at CCPW port and insertion loss 
(Sll) between CCPW and rectangular wareguide ports of post coupler 
S II 5·0dB/division 
Sll I·OdB/division 
N 
N 
til 
0\ 
~ 
10 -4 
Sn i>- ....... 
5 12 k 
r--V 
frequency. GHz 
c: 
0 
-iii 
: ~ 
"0 
-
t-- (I) "0 
~ 
0 
N 
til 
0\ 
.9 
1) 61161 
Fig. 6 Measured return loss (SI,) at CCPW port and insertion loss 
(S 12) between CCPW and rectangular waveguide ports of slot coupler 
J 
Conclusions and discussions: Two new CCPW-to-rectangular 
waveguide couplers with coupling through a post and a slot 
are experimentally demonstrated. The measurements show 
that the couplers have excellent insertion loss and return loss 
characteristics. These couplers are very compact, efficient and 
inexpensive to fabricate. 
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Theoretical and Experimental Characterization 
of Coplanar Waveguide Discontinuities 
for Filter Applications 
Nihad I. Dib. Swdenl Member. IEEE. Linda P. B. Katehi, Senior Member, IEEE, 
George E. Ponchak, Member, IEEE. and Rainee N. Simons. Senior Member. IEEE 
.~hSlraCI -A full-waH analysis of s hield~d CO I}lanal' \\ a\ ~guid~ 
t\lo-port discuntinuities based un the solution of an appropriat~ 
s urfa,,, integral eq uation in the space domain is pr~ - ~nted. 
Lsi ng this method. frequency-dependent scattering paramet~rs 
fur ope n-end and short-end CPW s tubs a r e comput ed. Th ~ 
numcri(ally deri\ed resu lts are compared wi th meas urements 
performed in the frequen9' range 5-25 GHz and s how ' ery good 
:Jgr~ement. Equivalent circui t models and closed-form expres-
s ilins to compute the circuit element \"alu~s for the ~ di sco ntinu -
ities are a lso presented. 
L J:..:TRODL'crtO~ 
RECE~TL Y. coplanar waveguide (CPW) t~chnolog~ has attracted a great deal of interest for RF circuit 
design owing to seve ral advantages over th e com'entional 
microstrip line. among them the capability to wafer prob~ 
at millimeter-wave frequencies (1)-[6]. Thus, several in-
vestigators ha\'e undertaken the study of th e propJgation 
characteristics of uniform CPW. and extensive data are 
available in the literature [7]. H owever, very few models 
are available on CPW discontinuities, which are useful in 
the design of circuits such as filters [8]-[ 12]. 
Filters are important blocks in microwa\'e circuits and 
are among the first few circuit elements stud ied in an~ 
new technology. Microstrip or stripline filters have been 
extensively studied and very accurate design techniques 
have been presented in the literature [13]. However. CP\\ ' 
filter elements [I]. [14] have been investigated only experi-
mentally and lack accurate equivalent circuits. Two such 
filter elements are th e short-end and open-end series 
stubs, which are shown in Fig. 1(a) and (b) respectively. In 
this figure PP' refers to the reference planes, which are 
coincident with the input and output ports of the disconti-
nuity. The short-e nd CPW stub was modeled by Houdart 
[l] as a series inductor. This mode l cannot predict the 
lanuscrirll received August 3D, 1990: revised January 22, 19Y1. Thi, 
work was supported by the National Science Foundation under Ct'ntrilct 
ECS-8657951 . 
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IEEE Log Number 91~3~66. 
r~~0tJani nature ~)r tht! stub as it approaches Ae / -+ !1r til ,' 
:t~~ nlmctry (1f thc discontinuity; therefore. it i~ \ alid l)nl l 
in the limit as the stub length approaches zeTll. The' 
modd used by Ponchak and Simons [15]. an ideal ~h\)r: ­
end serie~ stub. predict!> th e resonant nature of the ~tub 
but Ill)t [h~ a~ymmetry. The opell-end CP\V s t ub "d~ 
modeled by Houdart [lJ as a series capacitor, which j, 
:tho too -implc to predict the resonant nature of the stub 
ur its asymmetry and is valid only for stubs with very small 
lengths. Williams [14] expJnded this model to a capaciti\e 
11 network and selected a reference plane which remo\'cd 
th~ element asymmetry. This improved model is difficult 
to incorporate into CAD programs since the re:'eren,'e 
planes are not at the plane of the discontinuity. as sho\\'n 
in Fig. J. The model by Ponchak and Simons [15]. an ide:!! 
open -~nd series stub. again cannot predict the element 
as\ ·mmet~. 
This paper attempts. for the first time. to study theoret-
ically and experimentally the two CPW filter element~ 
shown in Fig. L The theoretical method used to study 
these CPW discontinuities is based on a space-domain 
integra l equation (SO lE). \\'hich is solved using the method 
of moments [16] . The main difference between this ap-
proach and the one used in [3] and [10]-[12] is that the 
bounda~' conditions are applied in the space domain 
instead of the spectra l domain. Thus, in the SOlE method 
the Fourier transforms of the basis functions, which are 
used in the method of moments, are not required, \\'hich 
makes it simpler to handle complicated geometries. The 
SDIE approach has previously been applied to study 
st!l'eral CPW discontinuities and has shown very good 
accuracy. efficiency, and ver atility in terms of the geome-
tries it can solve [1 7]. [18]. Using this methOd, theoretical 
results for the scattering parameters of the two CP\\' 
discontinuities shown in Fig: 1 are computed. Extensi\'e 
expe riments have been performed in the frequency range 
5 to 25 GHz to validate th e theoret ica lly derived scatter-
ing parameters, and a very good agreement has been 
found. From the scattering parameters, lumped element 
equiva lent circuits have been derived to model the discon-
tinuities. The inductors and capacitors of these model~ 
have been represented by closed-form equations, as func-
tions of th e stub length. which have potential applications 
© 1991 IEEE. Reprinted, with pennission, from IEEE Transactions on Microwave Theory and Techniques, Vol. 39, No.5, May 1991, pp. 873-882 
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Fig. 2. A cross section of a shielded CPW. 
in the design of CPW circuits. In addition, these circuits 
are capable of modeling the Ol" and OFF states of CPW 
p-i-n diode switches [15). 
II. THEORY 
A. Derivation of the Scauering Parameters 
Fig. 2 shows a shielded coplanar waveguide with the 
cavity dimensions chosen such that the CPW fundamental 
mode is not affected by higher order cavity resonances. 
The original boundary problem is divided into two sim-
pler ones by introducing an equivalent magnetic curre!lt. 
.il. , on the slot aperture (see the Appendix). This surface 
50 
magnetic currL' nt radiates an e:le:ctromagne:tic fie:IJ in the 
tW(l \\·;t\·eguide regions (ab(m:~ and below the ~"lts) so that 
th e continuity ll f the electric field on thc ~urface of the 
sl(lt~ is satistku. The remaining noundary condition to be 
applied is the cllOtinuity of the tangential compl'ne:nts o f 
the magnetic fie:ld on the surface of the slot ape:rturc. 
( 1 ) 
where J f vani shes evt::rywhe:n: on the plane: Llf the slot 
apertures except at the position of the ekcrric current 
s() urcc~ exciting the: CPW. fl.1.1 are the magne: : ic fidds in 
the re:g ions J ire:ctly above and below the sil't Jpcrturc:. 
respectively (see Fig. 12). a nd can be expres" ,d in te rm ' 
of the equiva k nt magnetic current density . . 11.. a ~ sho\\ n 
hclo\\ : 
fl. , = f {C:: ( ( j-:- ' ) . fi.( (' ) tis ( .:: , 
- \, 1' \\ -
H I = - { fC~' ( r"/ (') .\1,( (' ) ds . (3 ) 
- SI.. I· \ \ 
In (2~ J n d (3). S CP\\ is the surface of the sk't ape:rture:. 
and C;;. I is the: dyadic Green 's function in the [\\ 0 wa\ e-
guide: regions (see the Appendix ). 
In view of (2 ) and (3). (] ) takes the form 
(/ , X / f [C{; + c;'j .. \/,( (') ds' = r. 
.)CPW 
To obta in the unknown magnetic current distribution. 
:\1,. (4) is solved by applying the method of moments [16). 
First. the slot aperture is subdivided into rectangles. Then. 
the unknown magnetic current density is expressed as a 
finite double summation: 
N, x, 
l\1s ( n = a,. L L ~· .ij/;( y')gk: ') 
i- 1 j= 1 
tV, .\': 
+ G= L L V=. iJ/Z')gi( y') (5) 
i - I j- I 
where {/;(y')g/ z'); i = 1,' .. , N", j = 1," ·, N) is a family 
of rooftop functions [19) and V, .. ij and ~. ,j are the un-
known coefficients for the y and z components of the 
magnetic current density. The subdomain basis functions 
(rooftop functions) for each current component have 
piecewise-sinusoidal variation along the longitudinal di-
rection and constant variation along the trans\"erse direc-
tion. Using (5), (4) can be written in the form 
- -.... \;; ff[=1r =h] 
( 
N N°' 
Js + 6.Js = a, X i ~1 j~1 V,·.ij Go - G 1 
. GJi( y')gj( z') ds' 
N,. N _ 
+ L t V=.iJJ[C3 + C:'] 
i= I j= I 
. GJj( z')g,( y') dS') (6) 
where ::'J, represents the error introduced from the ap-
_I 
proximatioll~ mad.: in [h.: Illagll.:[ic curr':ll[ distrihutillil 
(eq. (5)). 
Finally. Gakrkin's pmeedure is useJ to minimize! the 
aror :::'J, resulting in the: lolk1wing inn.:r products: 
J'J'(a x :::.T" ). a f' ( \.)" ( - ) lis = 0 r \ \. 11/ • ~..,,, - (7 ) 
ff( ax x ~r) ·o:f., ( :;)g",( .\. ) tis = 0 (8) 
where 1;" and gIl are! weighting functions identicJI to the 
basis functions . III = I. .. ' . . \ and 11 = I. .. '. S :. In this 
manner. (6) reduces into a mJtrix equation Ll f the form 
( [Y, )j 
[y~ , 1 
P',, ] 'II '" 1=("/: ) 
p ~: 1 I ~ r ( l}) 
where [Y~; 1 (;. f = y. ::) represent blocks III th e admit-
tance ma'trix who ' e e!kment~ are! expressed in terms o f 
multiple SPJCC integrab. in\ oh-ing trigonomet ric fu nc-
tions. and are given b\ 
Y" = fff/ii . /",( .\.) ~ ,, ( ::) . [c:: ~ c~, ] 
( 10) 
Y,: = fffI 0,1;,,(.1 )g,,( :; )' [c:: -i- c;' ] 
( II) 
Y" = ff fla J,,(:; )g",( .1'). [c~ + c;'] 
. aJ,( y')g;( :: ' ) dy' dz ' dydI (12) 
. a j j ( :;') g,( .1") dy ' dz' dydz ( 13) 
where i , In = 1. . . . ,N,. and j. 11 = 1. .. " N:. 11;. and V_ are 
the subvectors of the ' unknown coefficients for the y and 
:: components of the magnetic current distribution respec-
tively and I,. and 1= are the known excitation subvectors, 
which are dependent on the impressed feed model. 
In order to solve (9), the excitation is modeled by ideal 
v-directed current sources located at specific node points, 
'as shown in Fig. 3(a). resulting in an excitation vector 
which has zeros everywhere except at the positions of 
these current sources (delta gap current generators). Al-
though only a mathematical model, this feeding mecha-
nism has proved to be efficient, accurate, and reliable 
[17), [20). In addition, it does not introduce any unwanted 
numerical complications, as is the case with other excita-
tion techniques [3), [12). The CPW may be excited in two 
different ways: with the fields on the two slot apertures in 
phase (slotline mode) or out of phase (coplanar mode), 
exhibiting very different characteristics when operating in 
each mode. The CPW mode is excited by choosing 1;1 = 
- I and I', = - I 2 while the slotline mode is excited g l g _ g , . 
by choosing I ' I = I I and 1;1 = Ig2 (see Fig. 3(a)). How-
e'ver, only the CPW
g 
mode will be considered here since it 
tends to concentrate the fields around the slot aperture 
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Fig . 3. (a) A gene~J I Iwo-port CPW discominuil' '\lIn y -direcled 
eleclric currenl >ources. (b) Equi"aknl nelwork repre >enlalion. 
(Jow radiation losses) and is therefore the commonly used 
mode in CPW circuits. 
The discontinuities behave as an asymmetric two-port 
network with an equivalent circuit of the type shown in 
Fig. 3(b). For the evaluation of the network impedance 
matrix, three different modes of excitation are required 
(IgI = I g2 = 1, I g I = - I g2 = 1, and IgI = 1 and Ig ~ = 0 were 
used). It should be noticed that the currents and voltages 
(II' 12 , VI' V2 ) shown in Fig. 3(b) are induced at the dis-
continuity ports as a consequence of Igi and [g2 ' The 
matrix equation (9) is solved to give the magnetic current 
distribution in the slot aperture for each mode of excita-
tion. Then, the input impedances at ports 1 and 2 are 
evaluated from the positions of the minima and the 
maxima of the electric field standing waves in the feeding 
CPW lines using ideal transmission line theory. Finally, 
the network impedance matriX and the scattering parame-
ters are derived using the expressions in [21). 
B. Concergence Properties of Scauenng Parameters 
In the expressions for the Green's functions given in 
the Appendix, the summations over m and n are theoreti-
cally infinite. However, for the numerical solution of the 
matrix equation, these summations are truncated to MSTOP 
and NSTOP. The values of these two parameters should be 
chosen such that convergence of the scattering coeffi-
i 
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-u r 
~ - >0 r 
"D 
NSTOP=500 
- J.) f_ 
_t .; . 
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." 
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->. [ 
-1 . 8 I 
~S1: 
-J .O l 
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- ; .1 L 
! 
-J . , 
-J.6 L-~-'-~-'-~-'~~-'-~-'-~--'~~ 
100 . 100 . JOO . 400 . 500 . 600 . 700 . 800 . 
NSTOP 
Fig. 4. Typical convergence behavior of the scalle ring parameters with 
respect 10 the number of modes !'STQP and MSTQP of the CPW disconti· 
nuities shown in Fig. 1. 
cients is ensured . Fig. 4 shows the convergence behavior 
of the scattering coefficients with respect to each one of 
the above parameters. In (A10)-(A13), NSTOP and MSTOP 
co rrespond to the maximum val ues of the k: and k ,. 
eigenvalues conside red In the summations. These eigen·-
values are given by 
k: max = 
("'STOP) 7T 
(14) 
I 
k ymax = 
(:-'lSTOP) 7T 
(15) 
a 
Since the length of the cavity. I, is larger than its width . {/ , 
the number of required k. e igenvalues (NSTOP = 700) is 
much larger than the numb~r of k, e igenvalues (MSTOP = 
]()(J). a~ shown in Fig. 4. . 
Another critica l parameter for the convergence of the 
rc'>Ult<, j, the number of the considered basis functions N, 
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·1 ~ 
/ 
Slot 
apertu re 
"" 
y 
I ·1 
o Transition regions where both y. and z-directed 
magnetic currents are assumed. 
and .\' .. Since the sluts arc as,ulTIed tl ~ be birl~ thin 
(11' / ;\(,(,\\ < O.ll. onl\ a lon g, trudinal magnetic current in 
the slot aperture a\\'ay from th·~ discolllinuity is «,sumed. 
Funhermore. it has heen lound through numerical exper-
iments that the tranS\'erse curre nt in the feeding line 
<lround the diseontinuit\' ha~ a negligihk effect on the 
current distribution and the sca ttering parameters. Thus. 
as shown in Fig. 5. hoth longitudinal and tr::tns\,er. e 
magnetic current components are con~idered in the tran-
sition regions. while only rhe longitudinal current compo-
nent is considered in the other region~. In addition. the 
number of hasis functions 1\', 3nd ,\ ': i~ chosen so that 
convergence of the scattering parameters of the coplanar 
waveguide discontinuity is achieved. The CPU time re-
quired for the e\'aluation of the sca ttering parameters 
depends mainly on the geometry ar.d the electrical size of 
the structure. Careful consideration of the exi ting phy i-
ca l symmetries can reduce thi s computation::tl time sub-
stantiall\,. 
Ill. RFSL' LTS ,\r"D Dtsc L:S~ I O :---
Using the space-domain integral equation method . the 
scattering parameters for the t\\·o discontinuities shown in 
Fig. I have been eva lu ated as a function of the stub 
length, L , and frequency. The theoretically derived dat a 
have been validated through extensive experiment per-
formed in the 5 through 25 GHz frequency range. The 
circuit. were fabricated using conventional MIC tech-
niques on a polished alumina (E, = 9.9) substrate. Th e 
plated gold thickness was :2.8 J..l ill. The RF measurements 
were performed on an HP 85 LO ANA. A probe station 
with dc -26.S GHz probes was u, ed for prm'iding the RF 
connections to the circuits. A two-tier calibration was 
performed: First , the system was ealihrated to the 3.5 mm 
coaxial cable ends using coaxial open, short. load calibra-
tion standards. Then, an LRL ca libration was performed 
to rotate the reference planes to the CPW discontinuities . 
The LRL calibration st :lIlda rds shown in Fig. 6 were 
fabricated on the substrate along with the circuits to 
eliminatc errors caused by fabrication nonrcpeatability. 
Air bridges were not needed to C(l nnect the ground plane~ 
since the disco ntinuitie~ con~idcred here are s\mmetric 
---------
,/ CPW probes 
Circuit ref. plane 
/ 
p·1 
(a) 
th) 
CPW open circUIts 
!c) 
Fig. 6. CP\\ ' 'Iandanb for LRL ca li hrat ion: (a) Zero le ngth thru 11I1 ~. 
(h) Dela\ of kn~th L •. \\ here () .;; L" .;; A / 2. (c) Open ci rcuit refl ection 
, tandartk 
about th e propagation line, and th e stubs are printed on 
the center conductor [22]. The alumina substrate was 
placed on a 125-mil-thick 5880 RT / Duroid (E
r 
= 2.2) 
substrate with copper cladd ing on one side to serve as th e 
bottom ground plane. 
Fig. 7 shows th e sca tt eri ng parameters for the short-end 
CPW stub of length 1500 /Lm . It can be seen th a t the 
agree ment be tween the theore tica l and experi menta l re-
sults is very good. The differences are due to radiation. 
conductor, and die lect ri c losses si nce an unshielded struc-
ture was used in th e measuremen ts and the theoreti ca l 
mode l did not accou nt for losses. From th e characteristic 
behavior of th e above stub. it can be concluded th a t a 
band-stop filt er can be realized by cascading seve ra l of 
th ese stubs in se ri eS. 
Fig. 8 sho\\s a compa rison between theo re tica l a nd 
experime ntal va lu es of th e resonant frequency as a fun c-
ti on of stub le ngth . In add itio n, supe rimposed a re va lues 
of th e reso nant freque ncies for th e above CPW stub 
operat ing und e r idca;'\l!lditions: no discont inuity effects 
a nd zero e lec tromagneti c int c ractions. It can be not iced 
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Fig. 7. catlering J'l arametcr~ for Ihe shorl-e nd CPW slub wilh L = 
1,500 /lm (D I = 25 mil. D, = 125 mil. <,I = 9.9, <" = 2.2: o ther dimen-
, io n, are in /l m). 
th a t th e th eoretica lly computed resonant frequencies for 
large stub lengths agree very well with the ones predicted 
fo r th e idea l stub. This indica tes that a t low reso na nt 
frequenci es (l a rge stu b lengths) the specific stub geometry 
introduces neglig ible discontinuity effects and is a lmost 
free of pa rasiti c e lectromagne tic interactions_ Howeve r, as 
th e frequency increases, th e parasitic effects become 
stronge r. resultin g in a sma ll difference between the theo-
retica lly obtained resonan t frequ e ncies and the ones com-
puted for th e ideal stu b. 
Fig. 9 shows the scatte ring parameters for th e open-end 
C PW stub of le ngth 1500 /L m . As in th e previous case, the 
agreement between th e theoretica l and experime nta l le -
suits is very good . ')wing to its pe rform ance, such stru c-
tures ca n be lIsed to build hand -pass filt ers. 
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~ 
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-
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Fi~. S. RC'llJlant Ircqucn.:~ "t tht ,11lIrt·cnd (,p\\, ,tuh ,,1 JI1t~I"nt 
kngth, (fJ 1 = :::I.~ mil. 0; = 1:::5 mil. f.[ = 9.'1. f.: = ::.:::: otllc: r dlmen· 
'hlJl' art!' a ... In Fi~ 1I1(~! It 
I n the theoretical analy~is. the CPW stuhs \\ ere a~­
sumed to be inside a cavity while for the derivation of 
experimental data these structure~ were measured in upen 
environment. The fact that there is very good agreement 
,> »,5.h >m>h) , ""n»»)h»} 
- THEORETICAL 
-aooc 
- /Ja 511) __ THEORETICAL 
.. ~~--~~---r~~--~--r-~--~--~ 
between theory and experiment suggests that radiation 0.000 i---i~"""'!S:::"-+-+--+-~f--+--i-----'; 
losses were very low. The loss factor of the measured stuh 
discontinuities has been investigated and has shown a 
maximum value of -HI dB at the stub's resonant fre- -,.-. -""-P"~F=-<'-~--t---t---t-=""",,,t;;;::---
quency. This indicates that it is possible to design CPW 
stub discontinuities with very low radiation losses. 
IV. EQUIVALEl\'T MODELS 
To accurately model the short-end CPW stub over the 
frequency range from 5 GHz to the first band-stop reso-
nance, the model shown in Fig. lO(b) is proposed. Using 
the derived scattering parameters (for Fig. lO(a)), the 
capacitances and inductances are evaluated using com-
mercial optimization software. The following relations 
have been found. which give the values of the lumped 
elements in terms of the stub length, L: 
C,=1.32XlO- 4L+3.3515xlO- 2 (16) 
Cn = 1.5959 X 10-
2 (17) 
C
n
=1.1249XlO-4L+7.522XlO- 3 (18) 
LI = 2.6368x 1O- 4L -6.618X 10-3 (19) 
L~ = 1. 77 X 1O-4L -8.35 X 10-4 (20) 
L3 = 1.8656 X 1O-4L -8.34X 10- 4 (21) 
where the stub length, L, is in p,m, the inductances in 
nH, and the capacitances in pF. The above equations. 
which apply for the configuration shown in Fig. 10(a) 
only. have been verified for stub lengths, L, through 2500 
p,m. It should be noted that CfI = Cf2 and LI = L.1 when 
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Fig. 9. Scattering parameters for the open·end CPW stub with L = 
1500 11m (D I = 25 mil. D~ = 125 mil. f" = 9.9. f,~ = ~.~: other dimen· 
sions are in 11m). 
L = 75 p,m since a symmetric model is expected for a 
simple notch in the center conductor of the CPW. 
The equivalent circuit shown in Fig. 11(b) is proposed 
to model the open-end CPW stub over the frequency 
range from 5 GHz to the first band-pass resonance. The 
following relations have been found, which give the values 
of the lumped elements in terms of the stub length, L: 
Cs = 1.01 X lO-~L + 1.642 X 10-2 (22) 
CfI = 0.39 X 1O- 4L + 1.765 X 10- 2 (23) 
Cf2 = 0.883 x lO':'~L + 1.765 x 1O-~ (24) 
L1 = 1.22 x 1O-4L 
L2 = 1.43 X 1O- 4L 
L3 = 3.26x 1O- 4L 
(25) 
(26) 
(27) 
p 
P' 0 
I 
I 
. , . ,," ;;;;;;;;;;;;;;;:}»» / »»)/ ;"", )(;;;;;""h ~ ?,. 
I I 
p' p' 
(a) 
L1 L3 
L2 
Cf 1 T T Cf2 
(bl 
p 
c P' 
Fig. 10. Equi"alent circuir for the shorr-end CPW stub (0 1 = 21.5 mil. 
O~ = 1~5 mil. E , I = 9.9. E,: = 2 . ~ : orher dimensions a re in p.m). 
p p 
I I 
' , ' ,,,;;;;;;;/ ;;;,...;;;;;;;};; ... m)/ )., ) / ;;;;;;;Pm ... / ), 
I I 
p' p ' 
(a) 
Cs P~~P 
p 0 Cf 1 T T Cf 2 0 P 
(b) 
Fig. II. Equivalent circuit for the open-end CPW srub (0 1 = 21.5 mil. 
O~ = 125 mil. Ed = 9.9. E,: = ~.2 : other dimensions are in p.m). 
where the stub length , L, is in p.m, the inductances in 
nH, and the capacitances in pF. As in the previous case . 
the above equations, which apply for the configuration 
shown in Fig. l1(a) only, have been verified for stub 
lengths, L , through 2500 p.m. In the limit as L ap-
proaches zero, the inductances reduce to zero and CfI 
becomes equal to Cre.' resulting in a capacitive n network 
which is expected for a series gap. 
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Tho: abt)\'e lumped ekmo:nt equi\'aknt circuits prediCl 
the response up to the first resonant frel/ue:::ncy \\ ith a 5'( 
accuracy. It is expected that ~imilar linear rc lationshir~ 
apply for a short or open-end CPW stub with any dimcn-
sions. Thus. it is enough to model two different stub 
lengths_ from which the ehar:.tcteristics of othe:::r lengths 
can be deri\·ed. 
V. CONc Lcs ro:-;s 
A space-domain integral equation method solved by the 
method of moments in conjunction \\'ith simpk transmi~­
sion line theory was applied to analyze CPW circuit 
elements useful for band-pass and banJ-swp filters. An 
experimental setup to measure the::: sC:lltering pa ra meters 
of those structures has been described . The agreement 
between the theoretical result and tho: experilll cnt <.l l dat a 
was very good: thus. the validity of bo th resulb is verifie:::d . 
Lumped element equivalent circuit s were proposed to 
model the above circuit elements. and closed-form ex-
pressions to compute the values of tho: capacitances and 
inductances were given as functions o f stub kngth . 
ApPE:-;DI X 
As shown in Fig. 12, a typical CPW discontinuity prob-
lem is reduced to deriving the dyadic Green 's function in 
both regions directly above and below the slots. The 
transmission line theory is used to transform the sur-
rounding layers into impedance boundaries . Using the 
equiva lence principle. the problem is divided into four 
subproblems (as shown in Fig. 1:2). where the fields in 
both regions due to magnetic currents in the y and :: 
directions have to be obtained. After this has been ac-
complished, the continuity of the tangential fields at the 
interface is used to arrive at the integral equation. The 
main steps in the derivation of the fields arising from an 
infinitesimal z-directed magnetic current inside a cavity 
(with impedance boundary top side) will be presented 
here (see F ig. 13). 
In the derivations, the following vector potentials for 
the LSM and LSE modes are assumed: 
F = o"d>. 
By using Maxwell's equations along with 
1 
H=-vXA 
p.. 
1 
E=--VxF 
€ 
(AI) 
(A2) 
(AJ) 
one can obtain the field components in terms of the 
magnetic and electric vector potentials. 
The differential equations for A and F are solved in 
view of the pertinent boundary conditions to give the 
unknown field components. The boundary conditions con-
sidered for the solution of this problem are listed below 
(see Fig. 13, where the magnetic current dipole is raised 
y 
( Imped~nce bound~ry sides) 
ZLSE ZLSM o or 0 
.: :-: 
" , ~: 1:.;.., ---~'-f : ::! : : .:.: ~: :: :' 
, 
I (0) ,I'M 
y 
X't 
I 
~ D1/ 
( Imped~nce bound~ry sIdes) 
ZLSE zLSM 1 or 1 
Fig. 12. A typical one-port CPW discontinuity \\here four subproblem~ 
are obtained using the equivalence principk. (All the sides excluding the 
impedance boundaries are assumed perfectly conducting.) 
to simplify the application of the boundary conditions): 
E~ = E~I at x=x' (A4) 
HI=HII )' .I at X= x' (AS) 
H; = H;I at x =x' (A6) 
( I rSE E" _ LSE at X= Do (A7) H} -Zo 
. . 
( I rSM E), = LSM Zo Hz at x=Do (A8) 
E.~I - E~, = o( x - x')o( y - y')o( z - z'). (A9) 
In (A4)-(A9), Do is the thickness of the layer directly 
above the slot apertures. zkSE and zkSM are the LSE 
and LSM impedances seen at the interface x = Do. For 
the structures considered here (Fig. 3), ZI\·SE = zkSM = 0 
!.ince perfect conductors are assumed. Solving (A4)-(A9), 
the fields in the region directly above the slot aperture 
cau~ed by a z-directed magnetic dipole are obtained. In 
the ~ame manner the fields due to a y-direded magnetic 
dipole can he derived. 
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Fig. 13. A :-directed magnetic dipole in,ide a c:t\it~ \\ ith an impedance 
younJa,y top ;id~. 
The components of the dY:idi~ Green's function for the 
coplanar wa\'eguide problem arc given by the folln\\'ing 
expressions: 
.. / 
i\1"a!OP 'SlOP 2e" 1 ., ., 1 G:I~'(;: II-') = L L - -.-: -~ [k~I'II'" /.:;Q" 
/7/-0 n-\J at /.:.",-/.:.11 
'sin( k, y')COS( k:=') sin(k "y)co~( k:=) 
(AW) 
'·sin(k, y')COS( k:=') cos(k.l y)sin(k:=) 
(All) 
'cos (k.l y')sin (k: z') sin (kyY) cos (k:=) 
(A12) 
"STOP N\10P 2e 1 , 
G«(J)(-/~') -" "m [k 2 p k:Q 1 :: r 1 - '- '- -,- k 2 ,2 : () + y (l 
m-O n~O a .. ,,-ko 
where 
'cos (k."y') sin (k: z') cos (k.I'Y) sin (k:=) 
(Al3) 
p _( k,u )WJ.1o+jk,,,zkSEtan(k.r,,Do) (AI4) 
0- WJ.1o k luZkSE + jWJ.1o tan (kruDo) 
= ( WEo ) klu + jWEOZJ-SM tan (kl',Do) 
Qo k ZLS~I'k (k ) Xu WEo 0 ' + J "u tan .. "Do 
en =1. 11=0 
= 2. 11,*0 
1ll = 0 
= 2. III '* 0 
/11" k =-I' 
. a 
1Z7i 
k =-
: , 
(AIS) 
(A16) 
(AI7) 
(A18) 
(A19) 
(A20) 
(A21 ) 
In thl! abow expre~sillns. 1I and / are the width and 
length of the ca\,ity. respccti\·ely. and G~:I) denotes the 
magnetic field H,'1I1 radiated at x = 0 by an infinitesimal 
magnetic dipole .Hi loc~ed at x' = () (i. j = r. :). 
The components of G:' are essentially the same as in 
(AIO)-(A21) with the following changes: 
ZkSE --+ Z ~SE 
ZkSM --+ ZpM 
Dn--+ D! 
en.em --=to:- en- - em 
kll--+k! 
1-l1"€I1--+ I-l!.€! (A22) 
where Z I'S! and Z 11.~\1 arc the LSE and LSM impedances 
seen at the interface x = D I' 
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ABSTRACT 
In xGal_xAs based MODFET (modulation doped field effect transistor) material 
was grown by MBE (molecular beam epitaxy) on semi-insulating InP substrates . 
Several structures were made, including lattice matched and strained layer 
InGaAs. All structures also included several layers of InO.52Alo.4SAs. Variable 
angle spectroscopic ellipsometry (VASE) was used to characterize the structures. 
The experimental data, together with the cal ibration function for the constituent 
materials, were analyzed to yield the thickness of all the layers of the MODFET 
structure. Results of the ellipsometrica l ly determined thicknesses compare very 
well with the RHEED (reflection high energy electron diffraction ) in situ 
thickness measurements. 
INTRODUCTION 
Recently InxGal_pAs became the material of choice for MOOFET devices, both 
on InP [1J and GaAs L2J substrates. The InxGal_xAs serves as the conduct i on 
channel, mainly due to its high electron mobility and saturated velocity. The 
most commonly studied indium concentration is X=O.53, the InP lattice matched 
composition. However, strained layer structures are now available, both on InP 
and GaAs. The heterostructure material used for MODFET fabrication is grown 
mostly by MBE. In this growth method, the thickness is measured in situ using 
the RHEED technique. In this paper we will describe the application of .the 
var~able angle spectroscopic ellipsometry technique to the characterizat i on of 
MBE grown InxGal_xAs based MODFET structures. This non-destructive technique can 
estimate not only the thicknesses of all the layers within the optical 
penetration depth, but also the quality of the interface and possibly the indium 
concentration. The capabilities of VASE for complete MODFET characterization 
were demonstrated on the MBE grown A1GaAs/GaAs structures [3J. Detai led 
interface work on InGaAs/InP was performed on MOCVD (metal-organic chemical vapor 
deposition) grown material [4J. This paper will concentrate on MBE grown 
structures. In this growth technique, InP cannot be grown and it is replaced 
by InO.52GaO .4SAs, which is lattice matched to InP and provides the high band gap 
donor layer of the MODFET. 
EXPERIMENTAL 
The MOOFET structures studied here were grown by MBE on semi-insulating 
InP substrates, with continuous RHEED monitoring. The structures studied here 
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are shown in Fig. l(a). Starting from the bottom, these structures nominally 
contain the following layers: a superlattice (S.L.) buffer made of 30 period 
InO.53GaO.47As/InO.52Alo.48As, a 4000 A isolation layer of InO.52A10.4SAs, a complex 
conduction channel made of 400 A undoped InO.53GaO.47As, and a layer of thickness 
d of undoped InXGal_xAs with d=150 A for X=0.53 and 0.65 and d=lOO A for X=0.70, 
a 50 A InO.52Alo.4SAs spacer layer, a 350 A InO.52Alo.4SAs donor layer with only 
150 A of doped materi a 1, and a 100 A doped cap 1 ayer of InO.53GaO.47As for 
contacts. Ellipsometry cannot differentiate between doped and undoped material, 
but it will be sensitive to a surface oxide layer. Thus, the nominal structure 
for el1ipsometric purposes 'N ill be different froIT: the MBE nominal structure. 
For example, the nominal structure for ellipsometric purposes for the X=0.5~ 
material is given in Fig. l(b), on the left side of the graph. The 4000 A 
InO.52Alo.4SAs layer is considered the substrate for ellipsometric purposes, as 
the optical penetration length in most of the experimental range is smaller than 
the thickness shown in Fig. l(b). 
Actual Structure Nominal Ellips. 
100 A n+ In 0.53 GaO.4? As t1 oA Oxide 47 ± 0.8 A 
200 A Ino.52AI0.48 As t2 100 A InO.53 GaO.4? As 49 ± 1.4 A 
150 A n+ In 0.53 AI 0.48 As 5x1018 t3 400 A InO.52AI0.48 As 424 ± 4 A 
50 A In 0.52AI0.48 As t4 550 A InO.53 GaO.4? As 553 ± 6 A 
d In xGa1·x As 4000 A Ino.52AI0.48 As 
400 A In 0.53 Ga0.47 As 
4000 A In 0.52AI0.48 As 
30 prd 30 A/30 A S.L.lnGaAsilnAIAs 
SI InP Substrate 
(a) (b) 
Figure 1.-(a) Actual structure grown by MBE. (b) Nominal structure used for ellipsometry and 
the result obtained from the experiment. 
The ellipsometric technique was described previously [3,5J and will not 
be repeated here. In this study, we use a mean square error (M.S.E.) criterion 
based on tan ~ and cos ~ fits of experimental data to model calculations. The 
variables of the fit were the thicknesses, ti (i=1-4 in Fig. 1(b)), of the 
different layers in the structure. 
Ellipsometric calibration functions (i.e. the dielectric functions) for 
the constituent material were taken from the following sources: InO.52Alo.4SAs 
from previ ous measurements at NASA-Lewi s [6J, Ino 53.,GaO.47As from [7J, InXGal_xAs 
as a funct i on of X from [8J and the ox i de from t9J. The resu lts obta i ned in 
reference [8J are for thermodynamically stable material and thus may have to be 
modified for application to a strained configuration. The oxide results [9J are 
for GaAs oxide and they may give an erroneous thickness for the oxide. 
Results for the lattice matched . structure are shown in Figs. l(b) and L 
together with the 90% confidence limits. An excellent fit was obtained between 
the 1 and 6 values measured experimentally and the values calculated from a model 
that uses the thickness parameters given in Fig. l(b), right hand side . There 
is also a good fit between the nominal and experimental layer thicknesses. The 
M.S.E. of the fit for experimental data in the range 3000-6000 A was 2.3xlO· 4 . 
A marked deterioration in the M.S.E occurred when the fitting range was extended 
to cover our full experimental range of 3000-8000 A, probably due to the fact 
that the optical penetration length becomes comparable to total thic kn ess of our 
model, as shown in Fig. l(a). We also note that the fit is not perfect for the 
~ fits in the lower wavelength region (i .e. below N3500 A). This denotes a poor 
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(b) Delta for InO.53 GaO.4? As MODFET material at two angles of incidence . 
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fit for the surface layers. This fact can also be deduced from the ano~alous 
thickness of the oxide layer, which is much la rger than normal for compound 
semiconductors [3J. We believe that the approximation used here for the oxide 
is not very accurate. Another problem in the fit of the surface layers is the 
difference in the thickness of the InO.53GaO.47As cap layer estimated by ell ipsom-
etry as compared to the nominal thickness. This difference indicates that this 
layer is probably not a perfectly smooth, homogeneous, stoichiometric layer, and 
therefore our model is also not perfect. 
Results for the samples with strained In XGal_xAs layers show only a slight 
dependence of the measured ~ and!J. with the indium concentration X. Thus, it 
is very hard to obtain the effects of strain on the dielectric function of 
InXGal_xAs from these MOoFET structures. 
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Low-Temperature Microwave Characteristics 
of Pseudomorphic In x Ga 1 _ x As jIn 0.52 Al 0.48 As 
Modulation-Doped Field-Effect Transistors 
R. LA!. PALLAB K. BHATTACHARYA , FELLOW , IEEE, S. A . ALTEROVITZ, A. N. DOWNEY, AND 
C . CHOREY 
.4 bSlracr - Lo,,·temperature microwave measurements of both 
lallice-match ed and pseudomorphic In , Ca, _ , As/ ln o."Alo.48 As (x = 
0.53. 0.60. and 0.70) channel MODFET's on loP substra tes have been 
ca rried our in a CI") oge-nie measurement system. The measurements were 
done in the temperature range of 77 to 300 K and in the frequency range 
of 0.5 to 11.0 C Hz at different bias conditio ns. The cu toff frequene}' 
Ifrl for th e In ,Ca, _ ,As/ln o.s2 Al o.48 As MODFET's improved from 
22 10 29 CHz. 29 to 38 CHz. and 39 to 51 CHz. for x = 0.53, 0.60. and 
0.70. respecti\·e l~ . as the temperature was lowered from 300 to 77 K, 
~hich is approximalfly a 310;-0 increase at each composition, and no 
degradations "'ere ob erved in device performance. These results indi-
ca te an excellent po tential of the pseudomorphic devices at low tempera -
tures . 
CRYOGEN IC operation of modulation-doped field-effect transistors (MODFET's) has shown improved gain char-
acteri stics and lower noise figures compared to operation at 
room temperature . These have been demonstrated recently in 
low-noise receivers and amplifiers [I], [2) . Other potential 
benefits such as greater reliability and integration with high-
temperature superconductors have further increased the inter-
est in MODFET operat ion at cryogenic temperatures [3). 
Pseudomorphic In xGal _xAs/ln 0.52 AI 0.48 As channel MOD-
FET's have demonstrated a performance superior to Ian ice-
matched ones principally because of a higher band offset and 
improved channel transport characteristics [4), [5) . In this 
letter , we report on results from cryogenic (77 - 300 K) 
microwave measurements on pseudomorphic In xGa I _ x As / 
Ino 52 AI 0.48 As MODFET's (0.53 :s x :s 0.70). 
The MODFET structures were grown by molecular beam 
epitaxy (MBE) on semi- insulating InP substrates at - 520 ·C 
at a rate of 111m/ h. Standard photolithography was used to 
fabricate the devices. The layer st ructures for the devices are 
shown in Fig. I. As an example of the heterostructure 
quality, the In o.70Gao.30 As / ln o.52 AI 0.48 As MODFET exhib-
ited a Hall mobility of about II 900 and 53000 cm2/ V . s at 
Manuscripi received July 5. 1990; revised Seplember 12. 1990. This work 
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S. A. Alterovitz. A. :-< . Downey. and C. Chorey are with the Solid State 
Technology. Branch . :'\ASA Lewis Research Cemer. Cleveland. OH 44135 . 
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100 A Ino.uGao 47A5 0+ 5xlO" cm-3 
200 A lno"Alo ... A. 
1.50 A lno nAlo dA! n+ 5x lO I8 cm- J 
.50 .-\ Ino ~,Alo •• As 
100· 150 ..i In,Ga,_,As 
0.53SxSO.;o 
400 A Ina l3Gao 41As 
3000 A I DO_~l A 10 .4& A S 
1800 A 30 A Ino ",Gao .,A./ 
30 A l Do~,Alo .. A. SL 
SI loP Sub,lr". 
Fig . I. Layer schematic of pseudomorphic In , Ga, _xAs/ ln o ~~ Alo 48As 
(x = 0.53.0 .60. and 0 .70) channel MODFET's on InP subStrates . 
250 .0 r------------------------
v g ~ 0.0 v 
200 .0 
- 01 V 
......... -
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~ .. ... 
50 .0 
__ - 0.3 v 
0 . 0 
o 05 15 
Vds [V) 
Fig. 2 . l d versus Vds characte ris tics for a pseudomorphic 
In o.70Ga 03Q As/ lnoscAI048As channe l MODFET al 77 K (solid lines) 
and 300 K (dashed lines) . 
300 and 77 K. respectively. Gate stripes with a gate length of 
1.0 11m and a gate width of 100 11m were formed by 
evaporating 500-A / 3000-A Ti / Au. DC measurements at 300 
and 77 K (shown in Fig. 2) of an In o -oGa o )OAs / 
In052AI 0.48As MODFET show an increase in transconduc-
tance from 5 10 mS / mm at 300 K to 680 mS / mm at 77 K and 
a decrease in output conductance from 40 mS/mm at 300 K 
to 20 mS / mm at 77 K measured at Vds = 1.5 Vand Vgs = 0 
© 1991 IEEE. Reprinted, with permission, from IEEE Eleclron Device Lettefll, Vol. 11, No. 12. December 1990, pp. 564-566 
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V . The measured gate leakage current also decreased from 
9 p.A at 300 K to less than I p.A at 77 K. 
For cryogenic microwave characterization, the devices 
were mounted and bonded to coplanar chip carriers . The 
devices were measured in a coplanar waveguide test fixture 
(Design Techniques) operating in the frequency range of 
0.5-11.0 GHz. A spring loading capability was added to the 
test fixture to ensure repeatable contacts between the device 
carrier and the coax.ial connectors. The cryogenic system 
included a helium closed-cycle refrigerator, a temperature 
controller, a Si diode thermometer, and the test fix.ture 
artached to the refrigerator cold finger. The system is caoable 
of achieving and stabilizing temperatures down to 77 K. The 
microwave measurements were done using an HP8510B au-
tomatic network analyzer. The measurement setup was cali-
brated at room temperature using a set of open, short, and 
through standards. Shifts in the reference plane caused by the 
lowering of temperature (most likely due to the contraction of 
the cables, connectors, and the coplanar lines) were ac-
counted for by cooling a short-circuit standard to the desired 
temperatures. 
The microwave characteristics of each device were mea-
sured at 300, 200, 120, and 77 K from 0.5 to 11.0 GHz. The 
devices were measured at Vd s = 1.2, 1.5, and 1.8 V and at 
five different VgS values near the peak g m point. For each of 
the devices, there was an observed increase in the measured 
magnitude of S21 and commensurate increase in the current 
gain H 21 (shown in Fig. 3(a) and (b) for the device with an 
In o.70Gao.30As channel). The extrapolated extrinsic f T of the 
In o.53Ga0.47As/ lno.52 Al o.4s As device showed an increase 
from 22 to 29 GHz when cooled from 300 to 77 K. while for 
the pseudomorphic devices having channels with x = 0.60 
and 0 .70. the observed increases were from 28 to 37 GHz 
and 39 to 51 GHz, respectively . The increase :n each of the 
devices can be attributed primarily to the increase in the 
average electron saturation velocity in the channel at lower 
temperatures [6]. 
A standard equivalent circuit, including models for the 
bond wires, was generated for each device measured at each 
bias condition and temperature. The bond-wire inductances 
were initially estimated from the length of the wires and then 
were further optimized in the circuit. The extracted intrinsic 
f T values, given by 
(1 ) 
follow the same trend as the measured extrinsic f T values. 
The extracted output conductance Cds decreased at lower 
temperatures , as shown in Fig. 4, and shows the same trend 
as the dc measured output conductance. The main reason for 
this is the improved confinement of the carriers in the 20EG 
channel at lower temperatures. A slight increase in the 
extracted gate-to-source capacitance C gS was also observed. 
This was previously observed and modeled in GaAs/ AIGaAs 
MOOFET's [7]. It may be noted that the values of the 
various parameters were almost constant as the measurement 
temperature was lowered below 120 K. 
Another observation that was made during these measure-
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for a pseudomorphic In o 70Ga O 3O As / Ino" Al o 4s As channel MODFET a1 
77 and 300 K wilh Vds ; 1.5 V and V' s; 0 V. 
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In xGal _x As / ln o.S2 AI048As (x; 0.53 . 0.60. and 0 .70) channel MOD-
FErs wilh Vds ; 1.5 V and V.' biased for peak gain . 
ment was the absence of significant effects due to deep-Ie\'el 
traps such as the collapse of / - V characteri stics which have 
been seen in AIGaAs / GaAs MOOFET structu res at low 
temperatures [8]. It should be noted that since the chamber 
was completely enclosed, the measurements were carried out 
in the dark . A small threshold shift of up to +0.1 V wa 
observed in the dc characteristics for each of the devices. 
This value is very small compared to the threshold shifts 
observed in AIGaAs/ GaAs MODFET devices, which typi-
cally range from +0.2 to +0.4 V [9). The threshold shift 
may occur due to a smaller concentration of deep-level traps 
and the small shift in the Fermi levels with temperature. 
In conclusion, we have demonstrated and analyzed cryo-
genic measurements of pseudomorphic In xGa I _x As / 
In o.52 Al o.4s As MODFET's on InP substrates. Each device 
showed an increase in gain and cutoff frequency with de-
creasing temperature with no noticeable degradation in de-
vice performance . Further studies are needed to better under-
stand the cryogenic microwave operation of these devices, 
such as the apparent -12-dB /octave rolloff of the maximum 
available gain reported by Kolodzey et 01. [10) on lattice-
matched In o.53Ga o.4; As/ ln o.52 Al O.4S As MODFET's . As may 
be noticed , our measurement frequency band was not high 
enough to detect this phenomenon, if present. However, the 
enhanced performance demonstrated in these devices at cryo-
gen ic temperatures show s that the pseudomorphic 
In xGa, _xAs / ln o5c Al o4sAs MODFET's have great potential 
to be used in low-temperature high-frequency circuits . 
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Modeling Alx Ga1 _ x As optical constants as functions of composition 
Paul G. Snyder and John A. Woollam 
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Three models for the dielectric function c, (III') of AI, Gal ,A' arc r.:\ ic\\.:u. All are ba~ed 011 
measured optical constants at discrete compositions. The validit~ of each nwdd near critical 
point energies, and otherwise, is evaluated. Only the energy-,hift mod.:! i\ appropriate over the 
entire available spectrum (1.5-6.0 eV), including the band-gap (E,,) region. 
This communication addres~e~ the 1ll0dt'll1lg of 
AI, Ga, ,A" optical con~tant~ a\ a function ofeol11po'llion 
x. Three ditferelll modeling approaches arc de,cribed :lIId 
compared. Application'> include fitting spectl"O"copiL' data 
for hetero~tructure samp/e~_ e.g .. in wav.:guidc de...igll. e/lip-
sometric characterization. and more. 
Aspnes et ar. have measured the dielectrH: function 
c(ll1") in the range 1.5-6.0 eV for discrete nominal compo<;i-
tions x = 0.0.0.1. 0.2. 0.3. 0.4. 0.5. 0.6, 0.7. and 0.8.' The 
author~ noted that compositional variation can be obtained 
by taking the weighted average of the two spectra clo,e~t ill 
composition after their energy scales have been shifted to 
bring the nearest critical point energies into coincidence. It 
was suggested that this would only apply to a limited spec-
trai range around the critical point energy E,. 
We extended this approach to obtain c(/I1') O\'er the 
entire measured spectrum, with continuous compositional 
\'ariability.~ With reference to Fig. I (from Ref. I). three 
~eparate critical point regions are considered: Ell' 1.4-2.5 e V: 
E, (and E, + .1,). 2.9-3.9 eV; and E~, 4.8 eV. The energy 
positions of these critical points are given in Ref. I as 
EII(x) = 1.424 + 1.594x 
-I-'x(l-x)(0.127-l.3lOx) eV, (I) 
E,(x) = 2.924 +0.965x 
.. x(i - x)( - 0.157 - 0.935x) eV (2) 
(E~ is approximately independent of x). 
For arbitrary x (0.0Io;;;x<O.8), we construct c .• (Ill') 
from (1 (111') and En (Ill'), which are the measured dielectric 
functions with compositions X A <x <xn. Thus if x = 0.37, 
then x.4 = 0.3 and X8 = 0.4 (more precise estimates of the 
actual compositions of the measured samples are given in 
Ref. 1; nominal values are used here). The construction con-
sists of shifting the E.~ spectrum to higher'energy, and the En 
spectrum to lower energy, so that the critical point features 
coincide at an energy interpolated between the critical point 
energies of E.4 and En, as described below. A weighted aver-
age of the two shifted spectra is then taken. This averaging 
accounts, to first order, for the smaIl variation in amplitUde 
with x (see Fig. I). 
The required energy shift for a given x is a function of 
photon energ~ /11'. AI each of the t\\ 0 x-dependent critical 
point energi.:,. Ihe ,hifl~ are gIven by 
(~ /" l:.~,(x) -- E,,(x, /I):' (3) 
(~;'" E,(x) - E,(x,n~). (4) 
The energi.:, on the righl-hund ~ide, of (3) and (4-) are givell 
by ( I J and (~). For photon energies other than E" and E,. 
the foll{)\\ ing piecewi~e linear interpolation i~ u,ed. Below 
Ell' 0(/11') i~ con~tant.and equal to 8( Ell)' Above E~. 6(111') i, 
zero. Bel\\een Eo and E,. 0(/11') varies linearly betweell 
6(£,,) and c5( E,), and between E, and E~ it varie!> linearly 
between 6( E,) and zero. Figure 2 SUmmarize, the energy 
shifts a~ function~ of photon energy. 
At a gi\en photon energy. then, the calculated spectrum 
for x is the weighted a\'erage of the two shifted spectra: 
E, (/11") = {E, [/11' - 0, (/11')] (x/l - x) 
- CII [In- + 6/1(/11')] (x -x, )}/(x" - x,). (5) 
The accuracy of E, computed in this algorithm depends 
on the accuracy oflhe original E mea~uremenb. and the dif-
ference between x and the nearest endpoint, x, or X/l' 
A 
.. 
w 
v 
30r--------------------------------------, 
h v, eV 
FIG. 1. Int:.lgin<lr~ p.lrt of tht: dk·IC'I,.'lrk function Illl'a,ur~d for 
AI, G~ll ,A" \\ IIh.\ inl. .... ca'ing from 0 ill 't('r"d,r;.trpro\imald~ 0.1 I frnm 
Rd. I). 
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The measured f ,,·ere estimated 10 be accurate 10 within 
19'c. of the maximum \·alue for x <:. 0.5. and to within 5'3'( for 
x ;;' 0.6.' For x coinciding with x I or X". the weighting factor 
in Eq. (5) causes the calculated f and its accuracy to be the 
same as the measured f. For x midway between x I and x" . 
the accuracy is sligh tly degraded due to the piecewise linear 
approximation chosen for {j .. " (/11'). 
A second approach is to use several discrete harmonic 
oscillators (HO) 10 model f , (//1') . For each HO. the ampli-
tude, center pholOn energy. and broadening parameter can 
be given as continuous functions of x. allowing f(h1') 10 be 
calcu lated for any x. This physically appealing and relatively 
simple approach was used by Erman I!l or 10 model GaAs 
with seven oscillalOrs. ; The result is an accurate approxima-
tion 10 the measured f o\'er most of the spectrum. Unfortu-
nately, the sharp onset of absorption at the band gap is not 
easily modeled with discrete oscillators. so no attempt was 
made 10 model the E" structure by including an oscillator at 
E". Thus the HO model is only accurate at energies above. 
but not including, the Ell region. 
A third approach which has been taken is to use the 
Bruggeman effective-medium approximation (EMA) with 
two constituents, f I and.c,,· This model is not physically 
realistic for the case of AI, Gal , As. however. The EMA 
assumes a microscopic. but not atomic. mixture of the two 
constitu.ents. Each "grain" is assumed to be large enough 
( > 20 A) to retain its own characteristic bulk dielectric 
funciion. but much smaller than an optical wavelength. The 
EMA averages the two spectra. taking inlO account the elec-
trical polarization that occurs at the grain boundaries, as-
suming approx imately spherical grains.~ 
In the AIGaAs alloy. there are no grains, and thus no 
microstructural polarizing field to account for. Further-
more, since the EMA is an average of two spectra which are 
not energy shifted. critical point features from both spectra 
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will appear in an EMA composite spectrum. This \\·ill b~ 
particularly e,·ident at Ell. 
Figure 3 shows simulated f:(/I1') near E". for x = 0.35. 
using the energy-shift and the EMA models. The HO model 
would simply show a smoothly decaying f : with increasing 
wavelength. and no structure at Ell' The EMA spectrum 
contains 111'0 absorption edges. one from each cons[ituem 
(x I = 0.3 and x /I = 0.4) , but no structure at EII(x = 0.35). 
The energy-shift model shows a single absorption edge at the 
appropriate band-gap energy. 
It must be emphasized that the Ell region is the most 
important region for waveguide applications. In addition. 
sensitivity to x is highest at E", making it the most important 
region for characterization of composition. Optical con-
stams in this region are 1101 ade~uately modeled by the HO or 
EMA models. 
Our pre' inus work with GaAsl AIGaAs heterostruc-
tures clearly showed that ellipsometric data measured near 
E" are very s.:nsiti \'e to layer thicknesses and COltlpositions.: 
The energy-shift model is most appropriate for this region. 
and it also works well over the rest of the spectrum. Oth.:r 
work" has emphasized the E, region, where the HO model is 
also valid. 
This work was supported by NASA-Lewis Grant No. 
NAG-3-J54. 
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ABSTRACT 
In this study we report, for the first time, measurements of the dielectric 
function of thermodynamically stable InxGal_XAs in the composition range 
O.35X50.7. The optically thick samples of InGaAs were made by molecular beam 
epitaxy (MBE) in the range O.4~X~0.7 and by metal-organic chemical vapor 
deposition (MOCVD) for X=0.3. The MBE made samples, usually 1 micron thick, 
were grown on semi-insulating InP and included a strain release structure. The 
MOCVD sample was grown on GaAs and was 2 microns thick. The dielectric functions 
were measured by variable angle spectroscopic ellipsometry in the range 1.55 eV 
to 4.4 eV. The data was analyzed assuming an optically thick InGaAs material 
with an oxide layer on top. The thickness of this layer was estimated by 
comparing our results for the InP lattice matched material, i.e. X=0.53, with 
results published in the literature. We removed the top oxide layer math-
ematically for X=0.3 and X=O.53 to get the dielectric function of the ' bare 
InGaAs. In addition, we measured the dielectric function of GaAs in vacuum, 
after a protective arsenic layer was removed. We used our dielectric functions 
for X=O, 0.3, and 0.53 together with the X=l result from the literature to 
evaluate an algorithm for calculating the dielectric function of InGaAs for an 
.arbitrary value of X (O~X~l). We compared results of the dielectric function 
calculated using the algorithm with experimental data. 
INTRODUCTION 
InxGal_XAs is a material with a variety of potential and actual applica-
tions. The most commonly studied concentration is X=0.53, the InP lattice 
matched composition. However, strained lattice configurations show great promise 
for applications both in optoelectronics and in electronic devices. Applications 
of strained layer, modulation doped, heterostructures using an InGaAs conduction 
channel on either GaAs [lJ or InP [2J substrates, as well as special opto-
electronic applications on GaAs substrates, have recently been published. It 
is clear that an experimental determination of the thermodynamically stable 
InxGal_xAs dielectric functions versus the composition, X, will be useful for 
several reasons. First, the results can be applied directly to the structures 
that are fabricated from these materials. Second, the results can be used as 
the starting point in calculating strain effects on the dielectric function. 
These effects play an important role for optoelectronic applications [3], 
especially near the band edge. 
All published literature regarding the dielectric function of InXGal_xAs 
in the vi s ible is dedicated to the concentration X=O.53, i.e. lattice mat ched 
to InP. Several studies were performed using the highly accurate techniqu e of 
Proc . 2nd Inl'l. Conf. on Elec . Mats . " 1990 Materials Research Society 
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ellipsometry [4-7]. The samples were made by liquid phase epitaxy (LPE) [4-6] 
or by MOCVD [7]. Presently, there are no published reports of the dielectric 
function of MBE made InGaAs, either latti ce matched or strained layer. The most 
useful data available, to date, is a numerical table [8J of the results presented 
in [5]. These results were obtained on chemically polished InO.53GaO.47As made 
by LPE. 
In the present study, we will describe an ellipsometric, experimental 
determination of the dielectric functions of InGaAs with several indium 
concentrations (X), both lattice matched and lattice mismatched to InP. We will 
also present an algorithm that can be used to estimate the dielectric function 
of InGaAs for any desired value of the concentration X. 
EXPERIMENTAL 
InXGa1_XAs samples in the range 0.4~X~0.7, with roughly 0.1 steps in X, 
were grown on semi-in,sulating InP substrates. Growth in both types of structures 
started with a 2000 A lattice matched InO.53GaO.47As buffer layer., In the first 
set, hereafter called set A, this layer was followed by a ~1500 A thick graded 
composition region (in multiple steps) to reach the composition of the final 
layer. The top InxGa1_xAs layer, which is of interest, is 1 fJm thick and hence 
the strain is relieved at the interface with the next lower layer. In the second 
set of samples, hereafter called set B, a 30 period superlattice 
(30 A InXGa1_xAs/30 A InxAll_xAs) was grown at the interface before the top layer, 
to act as a dislocation filter. All the heterostructures were grown continuously 
at 520°C at a rate of 1.2 fJm/hr and with a VillI flux ratio of ~30. The MOCVD 
sample (X=0.3) was grown on n+ GaAs at Spire Corporation. The thickness was 
nominally 2 fJm and no buffer layers were used. The InO.3GaO.7As layer was grown 
at 650°C at a rate of 1.9 fJm/hr and with a VillI flux ratio of ~75. 
The GaAs sample was mounted and measured on a high temperature stage inside 
an ultra high vacuum (UHV) chamber. The sample consisted of a MBE grown GaAs 
epitaxial layer on a GaAs substrate and was covered with an amorphous arsenic 
layer for protection of the surface. Prior to the ellipsometric measurement, 
the protecting layer was evaporated by heating the sample to 350 O( in vacuum 
for 10 minutes [9J. This procedure [9J yielded a GaAs surface as clean and 
smooth as the best chemically polished surface reported previously [10]. 
Ellipsometric measurements were made both at NASA-Lewis and at the 
University of Nebraska. The technique [11,12J was described previously and will 
not be repeated here. 
RESULTS AND DISCUSSION 
The ellipsometric, experimental parameters ~ and 6 were used to find the 
substrate pseudo-dielectric function, i.e. without taking into account any 
overlayers. The results of the "pseudo" refractive index, n, for all the 
concentrations measured are shown in Fig. 1. The X=0.4, 0.6, and 0.7 samples 
belong to the set A strain release procedure, while the X=0.53 sample was grown 
using the set B procedure. We also measured samples with X=0.4 and 0.7 from set 
B. All the graphs clearly show that the E1 critical point peak is moving to 
lower energies as the In concentration increases. The difference in the absolute 
value of n versus X is due not only to changes in the indium concentration, but 
also to differences in oxide overlayer thickness and surface imperfections. 
The results for the samples with X=0 .4 and 0.7 from set B show the same values 
of the critical point, E1, as in Fig. I, but have slightly higher values for n. 
This is probably due to a more perfect surf~ce obtained for set B versus set A 
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samples . Results obtained for the extinction coeffi ci ent show tllot t he op t ical 
penetration depth for a,ll samples i s well below 1000 A, l Or wclvele ngt hs below 
6000 A, and below 2000 A anywhere in the spectrum. Thi s res ul t reinforces our 
assumption that our 1-2 pm films are optically thick. 
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FI GURE 1. - PSEUDO REFRACTIVE INDEX OF FIVE In xGa 1_xAs (0.3 s x "0.7 ) 
SAMP LES VERSU S THE PHOTON ENERGY. 
There are several ways to remove the contribution of the top oxide layer 
to the dielectric function. We tried to obtain, simultaneously, the di electri c 
function of the InGaAs and the oxide layer thickness using our variable angle 
of incidence capability. However, the rather small thickness of the oxide layer 
and the large correlations between this thickness and the InGaAs di electri c 
function prevented us from obtaining reliable results using this method of 
analysis. A good estimate of the oxid~ layer thickness, fo r the latti ce matched 
sample, was obtained using a model in which variable oxide thickness and con stant 
dielectric functions for the InO .53GaO.47As [8] and oxide [13] were used. This 
one parameter fit gave an oxide layer thickness of 22.5 A with an excellen t mean 
square error (M.S.E . ) of 0.085 for 1 and ~ fits. Assuming a constant 22.5 A 
oxide thic knes s , we mathematically removed the oxide contribution fo r all 
samples. The result for the X=0.53 sample is compared to Aspnes data [8] in Fig. 
2.- As expected, an almost perfect agreement was obtained between the MBE and 
LPE grown materials. The real and imaginary parts of the dielectric function s 
for four ind i um concentrations in the range 0~X~1, namely X=O , 0.3 , 0.53, and 
1, are shown in Figs. 3 and 4 respectively. The functions shown for x=o [9] 
are the most recent results, which are very close to the generally accepted data 
[10]. The InAs functions were taken from the literature [10,14]. We believe 
that these four functions are more representative of the InGaAs material than 
those we obta i ned for other values of X due to the poorer surface quality of th e 
latter samples . We used a numer i cal interpolation algorithm to cal culate t he 
value of the dielectri c function for an arbitrary value of X, simila r to that 
used for A1GaAs [15,16]. The algorithm is based on the four function s shown in 
Figs. 3 and 4 and uses an interpolation of the critical points and th e valu e of 
the dielectri c function . 
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FIGURE 2. - COMPARI SON OF PRESENT DATA WITH ASPNES [8] FOR THE DIELECTRIC 
FUNCTION OF InO.53GaO .~7AS VERSUS PHOTON ENERGY . 
As a test of the algorithm, we used it to estimate the indium concentration, X, 
for a sample from set A with nominal concentration X=O.4. We applied a least 
square s fitting procedure to fit the experimental ellipsometric data to values 
calculated using the algorithm with X and the 9xide overlayer thickness as 
variables. We obtained an oxide thickness of 31 A, an indium concentration of 
X=O .37, and an M.S.E.=O.39 for the 1 and ~ fits. The result is shown in Fig. 
5, in terms of the measured and best-fit pseudo-dielectric functions. The lower 
peak value of the experimental <EZ>, compared to the best-fit <EZ>, is indicative 
of a relatively poor surface quality for this sample. 
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FIGURE 3. - REAL PART OF THE DIELECTRIC FUNCTION OF In xGa 1_xAs (0 s x s 1) 
FOR FOUR SAMPLES VERSUS ENERGY . 
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FIGURE 4. - I~GINAR Y PART OF THE DIELECTRIC FUNCTION OF InxGa1_xAS (0 s x s 1) FOR FOUR SAMPLES VERSUS ENERGY . 
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FIGURE 5. - REAL AND I~GINARY PAR TS OF THE EXPERIMEN TAL AN D BEST-FIT 
(CALCULATED ) PSEUDO DIELECTRI C FUNCTION FOR THE NOM INAL x = 0.4 
SAMPLE . 
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CONCLUSIONS 
Thermodynamically stable InXGal_ xAs samples in the range O.3SXSO.7 were 
grown by MBE and MOCVO. Samples were 1-2 pm thick, well above both the optical 
penetration depth and the dislocation range. The oxide overlayer contribution 
was estimated by comparison of our results with published data for X=0.53, the 
lattice matched concentration. After a mathematical removal of the oxide layer , 
the pseudo-dielectric functions of In XGa1 _x As were obtained for several values 
of X. These functions were interpolated using a special algorithm to calculate 
the dielectric function for any value of X. The algorithm was successfully 
tested versus ou~ experimental result at X=0.4. 
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ABSTRACT 
Over the last three years, NASA Lewis Research Center has investigated the application 
of newly discovered high temperature superconductors to microwave electronics. Using thin films 
of YBa2Cu30 7_c5 and Tl2Ca2Ba2Cu30x deposited on a variety of substrates, including strontium 
titanate, lanthanum gallate, lanthanum aluminate and magnesium oxide, a number of microwave 
circuits have been fabricated and evaluated. These include a cavity resonator at 60 GHz, micro-
strip resonators at 35 GHz, a superconducting antenna array at 35 GHz, a dielectric resonator 
fUter at 9 GHz , and a microstrip fUter at 5 GHz. Performance of some of these circuits as well as 
suggestions for other applications are reported. 
INTRODUCTION 
Investigations to determine space electronics applications of high temperature supercon-
ductor (HTS) at NASA Lewis Research Center were initiated soon after the discovery of supercon-
ductivity in ceramic oxides La1_xSrxCu Oy 1 and YBa2Cu30 7_l with transition temperatures 35 K 
and 93 K. Soon after their discoveries were made others found the Bi-Sr-Ca-Cu-03 and TI-Ca-
Ba-Cu-O· class of 100 K + superconductors. Since that time the properties of these supercon-
ductors became known and we concentrated our efforts on development of thin fUms of 
YB~Cu307_c5 and Tl2Ca2Ba2Cu30x for space microwave applications. The use of HTS fIlms in a 
microwave system requires development of thin fUms on microwave sub3trates which then can be 
patterned into desired microwave circuits like fUters, phase shifters, ring resonators and delay 
lines. Such circuits are used in space communication, radar, and sensing systems.s Small size, 
low loss, low power and light weight are desirable features for these circuits. 
In this paper, we describe the development of high quality YBa2Cu30 7_c5 (YBCO) and 
T12Ca2B~Cu30x (TCBCO) thin fUms on microwave substrates carried out at NASA Lewis and 
also at various sponsored and cooperative facilities. The method of fabricating and the evaluation 
of various microwave passive circuits is presented. At the end future applications are &Iso 
highlighted. 
DEVELOPMENT OF THIN SUPERCONDUCTING FILMS 
To obtain high quality superconducting thin fIlms on suitable substrates for microwave 
applications the substrate lattice constants must be closely matched to those of the films and 
there must not be a detrimental chemical reaction between the substrates and the fIlms. In addi-
tion , the film composition must be as close to the correct composition as possible. To date, very 
high quality films have been obtained by using,several physical and chemical deposition tech-
niques . Many of these techniques had required post annealing at high temperatures. This high 
temperature anneal causes chemical interactions at the film-substrate interface, making the film-
substrate interface unsuitable for microwave application.6 To circumvent this problem, a laser 
ablation technique7,8 followed by an in situ annealing procedure has been pursued and developed 
for the growth of YBCO films. Also, for the growth of TCBCO fUms, sputtering and laser abla-
tion techniques were chosen and funded at University of Cincinnati and University of Nebraska at 
Lincoln, respectively. Though, with both methods an ex-situ anneal with thallium over pressure 
was required. 
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Both YBCO and TCBCO filins were evaluated for their microwave properties. The 
reasons why YBCO was selected were because it can be grown single phase easily and has no 
competing phases when the oxygen pressure is 1 atm or less. Its critical field can exceed 100 T at 
low temperatures and its critical current is greater than 2xl06 A/cm2 at 77 K. TCBCO films 
were chosen because the TCBCO phase has a transition of 125 K in bulk form and early proper-
ties of bulk TCBCO showed that the material had lower l/f noise than YBCO. The progress to 
date on the growth and characterization of YBCO and TCBCO thin filins is presented 
subsequently. 
At the beginning of the research three methods of producing YBCO films were investi-
gated. They were sequential evaporation, coevaporation, and laser ablation. In the following 
paragraphs, we briefly describe the techniques and give references for them. 
Produced by sequential evaporation. - One of the earliest attempts at The Ohio State University 
to produce YBCO filins was by sequential evaporation of copper, barium fluoride, and yttrium 
and followed by a postannea1.9 This procedure did produce YBCO filins that were mainly a-axis 
aligned, but the fIlms generally were poor having low transition temperatures (Te) and critical 
current density Pc) values and high porosity.lO Nevertheless, this technique did allow us to set 
up the necessary equipment for investigation of the optical and microwave properties of HTS 
films .9,11,12 
Produced by coevaporation. - Coevaporation is being pursued jointly by Oberlin College and 
NASA Lewis. The filin by this technique is grown at room temperature by coevaporating Cu, 
BaF 2' and Y from separate electron beam guns.13 Then the film is postannealed similar to the 
post annealed sequentially evaporated filins. One of the advantages for coevaporation is that pat-
terns with 2 fLm lines can be formed by using photoresist and a lift-off technique. So far the films 
produced have had a high Te of 90 K but J c in the 5xl0
5 A/cm2 range at 77 K. The low J e is 
due to the high temperature annealing conditions which cause a substantial amount of 
a-axis growth and porosity. 
Produced by laser ablation. - The laser ablation technique7 has given us the best YBCO films to 
date. Films by this technique were produced at NASA Lewis and the technique has also been set 
up at The Ohio State University, successfully. The basic principle of laser ablation is that a short 
wavelength and short pulse duration laser beam is focused onto a YBCO target . This evaporates 
the surface of the target and produces a plasma plume. Since the pulse duration is very short 
there is very little heat transferred to the target preventing thermal melting of the target and the 
noncongruent evaporation of the individual atoms. Therefore, a stoichiometric composition of the 
target is ablated from the surface. 
The best fIlms on LaAI03 were c-axis aligned and had a Te around 90.6 K immediately 
after deposition as determined by a standard four point resistance measurement. Resistance 
versus temperature behavior for a YBCO film is shown in fig . 1. Critical current density J c 
versus temperature is shown in fig. 2. As can be seen, the value of J e was 2xl0
6 A/ cm2 at 77 K. 
The surface of the films was very smooth with ·some small structure of about 0.25 p.m in size. 
This size of structure has been confirmed by scanning tunneling microscopy. In table I, we list 
the performance of YBCO and TCBCO thin films on various microwave substrates along with the 
microwave properties of these substrates. 
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TCBCO fUms on LaAI03 substrates have been made at University of Cincinnati and 
University of Nebraska at Lincoln. University of Cincinnati made their films by r.f. sputtering of 
a compressed 2223 powder target H ,15 followed by an anneal in TI vapors. The smooth, dense 
films have a Tc between 103 K to 107 K with 11.6 K transition width. The fUms ~ a mixture of 
2223 and 2212 phases. University of Nebraska made their fUms by laser ablation and have 
achieved a Tc as high as 115 K, see fig. 3, but typical Te were around 108 K.16 But the films are 
not smooth and have some porosity. They used a compressed powder target of TI02, BaCu02, 
and CaCu02. Presently, they are exploring the use of a 2223 target to achieve a film that is 
denser and has aTe above 120 K. 
Microwave Characterization 
Surface resistance (R.) of superconducting film is a basic physical property that can be 
used to determine the quality of the film and is necessary for microwave device design. Currently, 
surface resistance values are obtained by cavity17,18 and stripline measurements l9 . These meas-
urements are time consuming, and it would be worthwhile to correlate R. with dc or low fre-
quency measurements, such as dc conductivity above Te' magnetic penetration depth, T e, and a.c. 
susceptibility measurement; but so far there has been no consistent correlation reported between 
any of these measurements and R •. The microwave conductivity (IT) is another physical property 
that can be measured. The conductivity for a superconductor is complex (IT = IT 1 + ilT 16 when the 
temperature is below Te and it can be related to R. and to the penetration depth (A) . 
Miranda et a1. 12 have determined IT by measuring the microwave power transmitted 
through superconducting thin fUms in a waveguide experiment. From the value of 1T2 the mag-
netic penetration depth (.\) can be obtained. A summary of results of 1T1' .\0' R. for YBCO film 
on various substrates is shown in table n. The R. for these films were calculated from IT l' and 
.\ . For YBCO on LaAI03 the ·R. was 1.4x10-
3 n which compares very well with other data.21 
The surface resistance is an order of magnitude lower than that of copper up to 60 GHz.21 This 
demonstrates that with microwave transmission measurements one can obtain the R., .\, and IT of 
HTS films. These three properties are necessary for the determination of the quality of HTS films 
and the designing of microwave circuits. 
FABRICATION 
We have developed a method to fabricate microwave circuits and test devices for HTS 
films . The method is to use standard photolithogr.aphy using negative photoresist and a "wet" 
chemical etchant. This etch ant was either a 1 at % solution of bromine in ethanol or dilute phos-
phoric acid in water. In addition, circuits identical to 'the HTS circuits were made from patterned 
gold. This allows a direct comparison between HTS and gold circuits. 
APPLICATION INVESTIGATIONS 
The application of HTS to communication or radar systems does not only depend on the 
properties of HTS material but also the total system cost versus performance. The--single most 
important issue for space communication is the possible need for cryogenic cooling. If HTS cir-
cuits must be cooled cryogenically then that cost in terms of power and weight must be considered 
along with the improved performance of the devices and any savings in weight and power from 
the replacement of standard equipment with HTS equipment. However, there are some missions, 
such as deep space probes that only would require passive cooling or other missions where cryo-
genic cooling is necessary for other functions , where this would not be an issue . Some of the 
81 
microwave applications and testing are discussed below. A brief description of each is made or 
referred to. The applications under investigation are resonators , filters , phase shifters, hybrid 
circuits, and antennae. 
60 GHz Cavity 
The surface resistance of HTS films can be calculated directly from the "Q" value of II. 
resonate cavity experiment where one of the end walls of the cavity is replaced with the HTS 
fIlm. 18 This has been done at 60 GHz for YECO films on LaGa03 ana SrTiv3 . The R. values 
for the two films can be seen in fig. 5. These films were approximately 1 p.m thick; therefore, 
being polycrystalline c-axis oriented mms. The results obtained agreed with other21 results for 
YBCO films grown by laser ablation and sputtering but measured at different frequencies . This 
agreement confirms the f2 dependence of R. and that the microwave properties for polycrystal-
line films of YECO is independent of whether the films are grown on SrTi03 or LaGa03 .. 
Resonator Circuits 
HTS stripline ring resonators were fabricated on LaAI03 substrates.
22 For measurement 
the resonators were mounted in a cosine tapered ridge waveguide to microstrip test fixture as 
shown in fig . 4. That structure was cooled by a closed cycle refrigerator. The resonators were 
measured by an HP8510 automatic network analyzer. The resonance frequency of the resonator 
changed rapidly with temperature just below Tc· This change was due to the change in the cir-
cuit reactance caused by the change in the magnetic penetration depth. 22 
The best resonators measured to date and compared to gold is shown in fig . 6. The 
unloaded "Q" ranged from 2500 to 1000 at 20 and 77 K, respectively. This corresponds to a 
surface resistance value of 8 mn at 77 K at 35 GHz, II. value two to three times better than copper 
at the same temperature and frequency. 
Filters 
Another candidate for application of HTS thin films is in the area of passive microwave 
filters . Taking advantage of the low losses for HTS film we have considered where they could be 
applied within a satellite transponder to improve performance. Based on results obtained to date 
on the performance of superconducting micros trip resonator circuits with high "Q" values as 
compared to an all metal micros trip resonators, we project the application of superconducting 
passive circuits as low loss, high" Q" mters l3, high "Q" resonators, delay lines, power splitter, 
power combiners, and resonator stabilized oscillators. 
Phase Shifters 
In addition to these applications, extremely low loss phase shifters using superconducting 
switches are also feasible . In fig. 7, we show II. phase shifter which utilizes superconducting-
normal-superconducting switches in place of FET / diode switches. The switches are fabricated 
from high temperature thin films of YBCO. The switches operate in the bolometric mode with 
the film near its transition temperature. Radiation from a light source raises the temperature 
higher than the film's Tc and consequently causes the film to become resistive. When the light is 
"on" the microwave signal travels past the switch, but is reflected when the light is ofT. To 
achieve the desired phase shift, the pair switches on the same side is illuminated. Fig. 8 shows 
the predicted behavior for II. 1800 phase shifter with a R. value that is the same as gold at 77 K 
and having a R. of 100 p.O in the normal state. It has an with exceptional narrow insertion loss 
envelope and excellent return loss . 
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Hybrid Semiconductor/Superconductor Device 
The natural use of hybrid semiconductor and superconductor devices will be where III-V 
compound semiconductors, such as AIGaAs, InGaAs, and III-V hetrojunction material, will be 
used at temperature around 77 K for devices that cannot operate or give the necessary 
performance at room temperatures. Some of these applications are for low noise amplifies at fre-
quencies above 22 GHz or solid state amplifiers above 70 GHz. Since these semiconducting 
devices will have to be cooled to 77 K there is no penalty in terms of the cost or reliability of the 
refrigeration to be paid to use superconductor devices . Therefore, it is natural to use HTS circuits 
in conjunction with III-V semiconductors devices to obtain the best performance of devices at 
these temperatures. 
In fig. 9, we show an example of hybrid semiconductor/superconductor device for an ultra 
low noise receiver for satellite applications. This receiver take the advantage of the excellent noise 
properties of AIGaAs HEMT technology and the low noise and resonator properties of 
superconducting transmission lines to achieve the ultra low noise and stable amplification. 
Superconducting Phased Arrays 
Superconducting antennas have long been imagined as extremely low loss devices. The 
use of superconductors to reduce the size of antennas to a fraction of a wavelength and to make 
super-directive arrays have been some of the more popular subjects. It has been show recently, 
however, that of these various uses, the most rractical use of superconductors in antennas will be 
in microwave and millimeter wave antennas. 2 To demonstrate the use of superconductors in 
such antennas, current research at NASA Lewis, in cooperation with Ball Aerospace, is focusing 
upon the fabrication and testing of a four element planar array at 30 GHz (fig . 10) . The perform-
ance of this antenna will be compared to an identical array fabricated using gold instead of HTS . 
CONCLUSIONS 
We have demonstrated that rare-Earth oxide thin superconducting fLlms can be deposited 
on various microwave substrates with critical temperature Tc above 77 K, critical current 
densities J c above 10
6 A/cm2, and low surface resistance. The films can be easily etched into 
microwave transmission line circuits. Microwave circuit ring resonator fabricated from a YBCO 
superconducting fLlm on LaAI03 substrate showed "Q" values four time that for similar resonator 
made from a gold fIlm. Several key HTS circuits such as fUters, oscillators, phase shifters, and 
phased array antenna feeds are feasible in the near future. For technology to improve further, 
reproducible, large area fUms have to be grown on low dielectric constant, low loss microwave 
substrates. Tradeoffs between superconducting microwave circuits with cryogenic systems and 
normal metal microwave circuits will have to be quantitatively established to determine their 
suitability for advanced communication and sensor systems. 
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T ABLE I. - KEY PROPERTIES OF MICROWAVE SUBSTRATE MATERIALS 
AND THE TRANSITION TEMPERATURE (TJ FOR LASER ABLATED 
YB~Cu307 FILM ON THE VARIOUS SUBSTRATES 
Material Laser, Dielectric Loss Lattice 
Tc (K) constant tangent size, 
A 
Magnesium oxide (MgO) 88 9.65 4xlO'4 4.178 (100) 
Lanthanum aluminate 
(LaAI03) 90 22 5.8x10,4 3.792 (HO) 
Lanthanum gallate 
(LaGa03) 88 27 2xlO,3 3.892 (110) 
Sapphire (AI20 3) 73 9.4 1x10,6 5.H1 (011) 
Yttria stabilized 11.6 
zirconia (ZrO) 89 27 6x10,4 3.8795 (100) 
Silicon (Si) 
--
12 10x10,4 5.43 (100) 
Gallium arsenide 
(GaAs) 
-- 13 6xlO,4 5.563 (100) 
TABLE II. - THE REAL PART OF THE CONDUCTIVITY U = u1 + iu2, 
AND AT 77 K AND 33 GHz, THE CALCULATED Rs AT 5 GHz, THE 
MAGNETIC PENETRATION DEPTH Po) FOR YBa2Cu30 7 FILMS ON 
LaAI03, MgO, AND YTTERIA STABILIZED CUBIC ZIRCONIA (YSZ) 
Substrate Thickness, U l' Rs (0), Rs (0) , >'0' 
nm slm 33 GHz 5 GHz nm 
LaAI03 177 2.5x10
5 1.8xlO,3 41xlO,6 360 
MgO 350 1.2x105 5.9xlO,3 135xlO,6 530 
YSZ 120 2.4x105 2.5xlO,3 57x10,6 590 
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ABSTRACT 
Research on thin film ceramic superconductors has enjoyed success and it is now clear that 
this technology has advanced to the point that it is ready for application. Many of the thin 
film applications involve microwave passive devices and there is great interest in the 
development of high temperature superconductor (HTS) based active three terminal devices 
to provide the foundation of a complete high performance cryogenic microwave circuit 
technology. Of course it is widely known that because of the temperature dependence of 
semiconductor materials • especially ill· V semiconductor materials, three terminal HTS 
devices may not be necessary for the development of cryogenic microwave circuits with 
superior performance. NASA is active in the development of HTS microwave circuit 
components. In order to provide, in the relatively short term, all of the elements of high 
performance cryogenic microwave circuits we are focusing our active device efforts on 
optimjzing ill-V material based on semiconductor active device designs for cryogenic 
operation. Progress in this work, and also in our HTS microwave passive device 
development effort is reviewed 
I. BACKGROUND 
Immediately 10n the announcement of the discovery of high temperature superconductors 
early in 19871 NASA Lewis Research Center initiated an investigation of their application 
to microwave electronics, particularly for use in communications, radar, or radiometry 
systems. In the absence of commercially available sources of materials, however, the 
necessary first step in this research was the fabrication of appropriate films. This activity 
has concentrated mainly on the YB~Cu307_x (YBCO) system, since it was the first "high 
temperature" material discovered and its properties are best known. In addition, however, 
NASA sponsors activities aimed at the evaluation of n2CaJ3~Cu30x (TCBCO). For either 
system, the next critical step was the identification of substrates which would be useful for 
microwave applications. Most initial investigations of YBCO films fo! example, were 
conducted on strontium titanate substrates, which offered the advantages of being nearly 
lattice-matched with YBCO and displaying little or no chemical interaction at the interface. 
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Strontium titanate, however, has an unacceptably large dielectric constant for use as a 
microwave substrate. On the other hand, the most commonly used microwave substrates, 
such as silicon and MgO, appear to be incompatible with the YBCO. A major step toward 
the resolution of this difficulty was taken with the identification of lanthanum aluminate as 
a useful substrate. Although its loss tangent is larger than one would like, it has served as 
a useful demonstration substrate for most of the circuitry developed to date. 
In addition to film deposition, other critical areas requiring work included rf evaluation, 
microwave circuit fabrication, and rf testing of cryogenic circuits. All of these have been 
addressed with considerable success, and the fabrication of passive superconducting 
microwave circuits has now been conclusively demonstrated. 
In the course of these investigations, however, it became clear that the growth of complex 
multilayer structures, such as are necessary for the fabrication of three terminal devices 
would require a considerably longer effort. It seemed prudent therefore to consider 
semiconductor materials and devices which might be suitable for incorporation into 
amplifiers, switches, phase shifters, and other microwave circuitry which utilizes HTS 
technology and operates at cryogenic temperatures. Such devices would be easily integrable 
with superconducting circuits based on microstrip or coplanar waveguide transmission lines. 
They would in fact offer some advantages, such as graceful degradation in the event of a 
cooling failure. An example of such a circuit, a hybrid low noise receiver is shown in Figure 
1. To develop appropriate devices, an investigation of low band gap materials such as 
indium-rich InGaAs was undertaken in collaboration with the University of Michigan. 
2. FILM FABRICATION AND EVALUATION 
2.1 Film deposition 
2.1,1 YBCO films 
In general it has been observed that the most useful films for microwave applications are 
those deposited by methods which require no post annealing.3 Such a high temperature post 
anneal is thought to induce chemical reactions at the film-substrate interface to the 
detriment of the microwave properties. This has been verified by work at NASA Lewis, 
where three methods of deposition were investigated. These included sequential 
evaporation, co-evaporation, and laser ablation. 
The first superconducting films produced under the NASA program were grown at Ohio 
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State University by means of sequential evaporation of copper, barium fluoride, and 
yttrium.· These films played an important role in the program in that they were useful in 
the development of characterization methods. However, the films required post-annealing 
and exhibited low transition temperatures, low critical currents, high porosity, and were 
strongly a-axis aligned.s 
A second technique currently under investigation for growth of YBoo films is co-
evaporation. 6 This work is being carried out at Oberlin College in cooperation with NASA 
Lewis personnel, and deposits films at room temperature by co-evaporating Cu, BaF2, and 
Y from separate electron guns. Films grown by this technique exhibit high critical 
temperatures (90K), but reduced critical currents, apparently due again to high temperature 
post-annealing which produces a-axis alignment However, coevaporation does offer the 
advantage that it is amenable to conventional photoresist/lift-off techniques for patterning. 
Using such methods, pattern features as small as 2 microns have been produced. 
Unquestionabr, the most successful method for production of thin films of YBoo has been 
laser ablation. The geometry of the process is shown in Figure 2. Pulses from an excimer 
laser (248 nm) are focused onto a YBoo target, supplying an instantaneous power density 
of 100 to 200 megawatts/cm2 at the target surface, and producing a plasma plume whose 
composition closely reflects the stoichiometry of the target Following the deposition, which 
takes place with the substrate heated to 77S' C, a 2-hour in-situ anneal in oxygen at the 
reduced temperature of 450' C is carried out The DC properties of films produced by laser 
ablation are shown in Figures 3 and 4. Critical temperatures as high as 90.6 K and critical 
currents as high as 2xl<f amperes/cm2 at 77 K have been observed. In addition, X-ray 
studies indicate that the films are strongly c-axis aligned. 
2.1.2 TCBCO films 
The development of high quality films of thallium-based material is less mature than the 
work on" YBoo. However, promising results have been obtained from NASA-sponsored 
work both at the University of Nebraska, where efforts have focused on laser ablation, and 
at the University of Oncinnati, where investigations concentrate on the rf-sputtering of a 
compressed powder target followed by annealing in thallium vapor. Nebraska has achieved 
a critical temperature as high as 115K, but films generally are rather rough and porous.8 
Cincinnati has produced dense films with T between 103K and 107K, but the films are 
clearly a mixture of 2223 and 2212 phases.9,lO Thallium films have also "been produced by 
Superconductive Technology Incorporated under NASA's Small Business Innovative 
Research (SBIR) program, and have in fact been patterned 'and incorporated into simple 
microwave circuits. 
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2.2 RF characteristics of films 
The superconducting films produced here have been extensively studied to determine their 
intrinsic RF properties; which in turn are useful in assessing their potential for use in 
microwave circuits. The basic experimen.t involves measuring t!le relative magn;tude and 
phase of RF power transmitted through a thin film of the material under study. 
Measurements were made under vacuum in a specially designed chamber. The sample was 
clamped between two waveguide flanges mounted on top of the cold head of the 
refrigerator. Waveguides were made of thin walled stainless steel to minimize heat 
conduction. From the tranmission data, assnming a two-fluid model, one may extract the 
complex conductivity, the magnetic penetration depth, and the RF surface resistance. Typical 
experimental data are shown in Figure 5. The results of the analysis are given in reference 
11.· In addition, evaluations have been carried out using a resonant cavity at 58 GHz. U 
3. PASSIVE MICROWAVE CIRCUITS 
3.1 Overview 
A number of microwave circuits have been fabricated and tested at this time. For the most 
part, these were selected either on the basis of the fundamental information which they 
could yield, or on the likelihood of their use in a realistic system. In most cases, in addition, 
ease of design and fabrication was a consideration. As· a result, at this time, simple 
microstrip circular resonators have been investigated fairly intensively. In addition to being 
relatively easy to design and fabricate, they are an invaluable tool for obtaining realistic 
information on the microwave performance of film-substrate combinations. Other, more 
complex circuits which have been investigated include an optically activated phase shifter, 
a 7 GHz microstrip filter (in collaboration with COMSAT Laboratories), a 10 GHz 
dielectric resonator filter (in collaboration with Ford Aerospace), a 10 GHz patch antenna 
element (in collaboration with NASA Johnson Space Center, and a patch array antenna (in 
collaboration with Ball Aerospace). 
3,2 Circuit fabrication 
For passive circuits using YBCO films standard photolithography with negative photoresist 
and wet chemical etching was used. The etcbant was either a 1 at% solution of bromine 
in ethanol or a dilute phosphoric acid in water. For all of the microstrip circuits described 
here, a normal metal ground plane consisting of 1 micron of gold atop 10 nm of titanium 
was used. 
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3.3 Circuit evaluation 
3.3.1 CIyogenic mwaratus 
Testing of microstrip circuits at ayogenic temperatures was carried out using the 
experimental test fixture shown in Figure 6. It was placed in a ayostat with closed-cycle 
cooling and waveguide input for RF signals via a cosine tapered ridge waveguide transition 
to microstrip. The RF measurements used conventional calibration methods and an 
automatic network analyzer. 
3.3.2 Microstrip resonators 
Microstrip ring resonators of the type shown in Figure 6 have been studied over the 
frequency range 34 to 36 GHz and at temperatures from 21K to above T/3 Such circuits 
have been fabricated and tested, using both YBCO and TCBCO circuits, a lanthanum 
aluminate substrate, and a normal metal ground plane. Typical data (return . loss versus 
frequency) for a YBCO circuit at several temperatures are shown in Figure 7. From these 
data, it possible to extract unloaded Q-values for the resonatof. These are shown in Figure 
8 as a function of temperature for YBCO circuits, TCBCO circuits and gold circuits. It can 
be seen that the Q for the YBCO resonator ranges from 2500 at 20 K to 1000 at 77 K. This 
corresponds to a surface resistance of approximately 8 milliobms at 77 K and 35 GHz, a 
value two to three times better than copper at the same temperature and frequency. For 
the TCBCO\ devices fabricated under NASA's SBIR program by Superconductor 
Technologies Incorporated, the o-values are somewhat lower than for YBCO, except of 
course in the temperature region above the critical temperature of YBCO. It seems likely 
that the poorer performance is in part due to the fact that the techniques for production of 
the TCBCO films include post-annealing. 
3.3.3 Phase shifters 
In principle, considerable improvement in performance, especially insertion loss, could be 
obtained simply by substituting a superconducting patch for an active device such as a PET 
Of diode in a switched line, true time delay phase shifter. The layout for such a device is 
shown in Figure 9. For the device fabricated at NASA Lewis, switching between normal 
and superconducting states is induced bolometrica11y, heating the superconducting switch 
with optical energy delivered via optical fiber. Preliminary tests indicate that switching times 
achievable in this manner are on the order of 200 microsec, which is likely too slow for 
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many applications. Thermal analysis of the device also indicates that faster switching times 
are unlikely unless substrates with smaller thermal conductivities are employed. At the 
present time, a substrate with both the ideal thermal and microwave characteristics has not 
been found. 
3.3.4 Microstrip filter 
The fabrication of a microstrip filter has been carried out in conjunction"with COMSAT 
Laboratories. Based on the lower surface resistance of the superconducting material, it 
should be possible to obtain such a filter with a reduced in-band insertion loss and sharper 
passband edges than could be obtained with normal metals. Using a COMSAT design, 
NASA lewis personnel have fabricated a 2-pole, 7 GHz microstrip filter. A photo of the 
finished filter is shown in Figure 10. The filter is presently undergoing testing at COM SAT. 
Its preliminary frequency response is shown in Figure 11. 
3.3.5 Dielectric resonator filter 
A 3-pole dielectric resonator filter for operation at 9.2 GHz has been fabricated in 
conjunction with Ford Aerospace. The filter, which was designed and built by Ford, uses 
NASA-supplied superconducting films as cavity walls, thereby reducing in-band insertion 
loss. A schematic diagram of the filter is shown in Figure 12. The filter is intended as one 
of the experiments to be tested in space as part of the Naval Research Laboratory's High 
Temperature Superconductor Space Experiment (lITSSE). To date Ford has delivered 5 
modules to NRL, where they have been subjected to vibration and thermal testing. The 
HTSSE launch is scheduled for 1992. Complete data for the Ford superconducting filter 
is not yet available. 
3.3.6 Superconductin2 antennas 
Two investigations of the application of HTS materials to antennas are presently being 
pursued under NASA sponsorship, with active participation by Lewis personnel. The first 
of these involves the application of superconducting materials (YBCO) to a simple patch 
radiator and its associated feed microstrip feed lines. The 10 GHz radiating element, which 
was designed by Johnson Space Center and fabricated at Lewis, is presently undergoing 
testing (radiation patterns and efficiency) at JSc. For this application reduced conductor 
losses should increase the radiation efficiency of such a device, and thereby increase the 
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overall gain of the antenna. No experimental results are available at this time. 
A parallel investigation of the use of HfS films for antennas is studying their advantages 
in arrays, where excessive conductor losses in the power divider/feed network can 
significantly limit the real gain of an array. This work is being carried out in cooperation 
with Ball Aerospace, and is also supported by NASA through its SCAR program. As with 
Ford and JSc, a first design.of a 30 GHz 2x2 array has been carried out by Ball and the 
device has been fabricated at NASA Lewis. The finished design, including power divider 
and feed network, is shown in Figure 13 and is presently undergoing testing at Ball. 
4. SEMICONPUCfQR DEVICES FOR CRYOGENIC CIRCUITS 
In collaboration with the University of Michigan, NASA Lewis has systematically 
investigated the performance of FETs based on an ~G&t-xAs/InP structure. As shown in 
Figure 14, the InGaAs system offers the possibility of exceptionally low band gaps. Such 
materials may not be practical for use in room temperature devices due to thermally 
generated leakage current, however, this should not be a problem at cryogenic temperatures. 
The structure, shown in Figure 15, consists of an active channel of InGaAs on an InP 
substrate. By using active layer indium concentrations higher than 53% percent, one creates 
a "pseudomorphic" structure, in which the active layer is strained due to the lattjce mismatch 
between InGaAs and InF. In addition, however, the higher indium concentration and lower 
band gap energy of the InGaAs result in better charge containment, higher mobility, higher 
cutoff frequencies, and greater performance enhancement at reduced temperatures. Also, 
such devices should avoid the problems arising from the presence of DX centers in similar 
devices using AlGaAs active layers. 
Michigan has grown material and fabricated FET devices with 1 micron gate lengths for 
indium concentrations from 53% to 80%. The devices have been tested as a function of 
frequency (1-26 GHz) and temperature (55-300 K) at NASA Lewis. The results are shown 
in Figure 16. It is clear that a sizeable improvement in performance is obtained by cooling 
these devices to approximately 12OK, although further improvement below that point is 
marginal. In addition, it would appear that indium concentrations higher than approximately 
. 70% do not yield further improvement in performance. Michigan researchers, however, 
have attnouted this to the development of "islands" of nonuniform growth during the 
molecular beam epitaxial deposition of the InGaAs layer. Efforts are planned to remedy 
this problem by means of migration-enhanced epitaxy, which will control growth parameters 
in such a way as to prohibit initiating the growth of any layer until the preceding one has 
achieved full coverage of the substrate. H true monolayer epitaxy can be achieved thereby, 
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it seems likely that devices can be further improved by using indium concentrations higher 
than 70%. 
5. CONCLUSIONS 
At the present time, a variety of passive microwave circuits have been fabricated using high 
temperature superconductor technology. Their performance in most cases, particularly at 
frequencies below 10 GHz, represents a significant improvement over normal metal 
components. In addition, NASA Lewis will soon begin efforts to integrate semiconductor 
materials with passive superconducting components. It is clear, however, that specific system 
studies are necessary to determine whether the performance enhancement achieved offsets 
the obvious complication introduced by the cooling requirements. Oearly, this trade-off 
would be affected dramatically if components could be fabricated from TCBCO, whose 
1l0K critical temperature makes it a strong candidate for passive cooling in space. At the 
present time, however, it would appear that improvements in TCBCO processing are 
required in order to obtain surface resistances comparable to YBoo. 
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EMERGING APPLICATIONS OF HIGH-TEMPERATURE SUPERCONDUCTORS 
FOR SPACE COMMUNICATIONS 
Vernon O. Heinen, Kul B. Bhasin, and Kenwyn J. Long 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, OH 44135 
SUMMARY 
Proposed space missions require longevity of communications system 
components, high input power levels, and high speed digital logic devices. 
The complexity of these missions calls for a high data bandwidth capacity. 
Incorporation of high temperature superconducting (HTS) thin films into some 
of these communications system components may provide a means of meeting these 
requirements. space applications of sqperconducting technology has previously 
been limited by the requirement of cooling to near liquid helium temperatures. 
Development of HTS materials with transition temperatures above 77 K along 
with the natural cooling ability of space suggest that space applications may 
lead the way in the applications of high temperature superconductivity. 
In order for HTS materials to be incorporated into microwave and 
millimeter wave devices, the material properties such as electrical conductiv-
ity, current density, surface resistivity and others as a function of tempera-
ture and frequency must be well characterized and understood. The millimeter 
wave conductivity and surface resistivity have been well characterized, and at 
77 K are better than copper. Basic microwave circuits such as ring resonators 
have been used to determine transmission line losses. Higher Q values than 
those of gold resonator circuits were observed below the transition temper-
ature. Several key HTS circuits including filters, oscillators, phase 
shifters and phased array antenna feeds are feasible in the near future. For 
technology to improve further, good quality, large area films must be repro-
ducibly grown on low dielectric constant, low loss microwave substrates. 
Tradeoffs between superconducting microwave circuits with cryogenic systems 
and normal metal microwave circuits will have to be quantitatively established 
to determine the suitability for advanced communications systems. 
INTRODUCTION 
Space application of superconducting technology has previously been 
limited by the requirement of cooling to near liquid helium temperatures. The 
discovery of HTS materials with transition temperatures above 77 K along with 
the natural cooling properties of space suggest that space operations may lead 
the way in the applications of high temperature superconductivity. Proposed 
space missions require longevity of communications system components, high 
input power levels, and high speed digital logic devices. The complexity of 
these missions calls for a high data bandwidth capacity. To ensure adequate 
efficiencies, the microwave surface resistance of the component materials must 
be reduced to as Iowa level as possible. Incorporation of high critical 
temperature superconducting (HTS) thin films into some of these communications 
system components may provide a means of meeting these requirements as well as 
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offering enhanced efficiency and reductions in size and weight. 
The use of high Tc superconductors in a microwave system requires 
development of thin films on microwave substrates which can be patterned into 
desired microwave circuits such as filters, phase shifters, ring resonators 
and delay lines. The superconducting thin films for microwave circuits need 
to be deposited on low-dielectric-constant and low~loss substrates, have 
smooth morphology, high critical temperatllr~ T, high cr.itical Gurrent 
c 
density J, and low surface resistance R. Furthermore, films on the 
c s 
substrates must be evaluated in devices such as microstrip or ring resonator 
circuits to determine the quality factor, Q, and various loss factors before 
appropriate microwave circuit applications can be developed. 
STATUS OF HIGH-T SUPERCONDUCTOR PROPERTIES 
c 
To obtain high quality YBaCuO films on suitable substrates, the lattice 
constants of the substrate must be matched to those of the film, and there 
must be no detrimental chemical reactions between the substrate and the film. 
In addition, the film composition must be as close as possible to the desired 
stoichiometry. Many of the physical and chemical deposition techniques used 
to obtain high quality films require post-annealing at high temperatures. 
This high-temperature ~nneal causes undesirable chemical interactions at the 
film-substrate interface, making it unsuitable for microwave applications 
(ref. 1). To circumvant this problem, an in situ annealing procedure, which 
allows lower growth temperatures, has been used to grow epitaxial films using 
a laser ablation technique (ref. 2). 
The best laser-ablated film had a T of 89.8 K immediately after 
deposition, as determined by a standard fo~r-point resistance measurement. 
From x-ray diffraction data, the film was determined to be c-axis aligned. In 
table I, we list the performance of YBa
2
Cu
3
0
7 
thin films on various. microwave 
substrates along with physical properties of these substrates. As can be 
seen, the value of J was greater than 106 A/cm2 at 77 K. 
c 
Surface resistance characterization of superconducting films offers 
valuable information on the film quality for microwave surface applications. 
currently, surface resistance values are obtained by cavity (refs. 3 and 4) 
and stripline measurements (ref. S). Correlation between material properties 
(i.e., T , dc conductivity above T, and penetration depth) and surface 
c c 
resistance are still not well understood for new high T superconducting 
c 
films. Conductivity is a complex quantity, U = U
l 
+ jU
z
' For U
z
» U
1 
one 
can obtain the surface resistance of superconductLng film 
R = 0 SU Illu 3/2 
s· 1'" Z 
where Uz is related to the penetration depth A by 
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( 1) 
(2 ) 
To obtain superconducting film surface resistance values that are lower 
than those of a normal metal, the smallest values of Ui and A are desired. 
Miranda, et al., (ref. 6) have measured microwave transmission in a waveguide 
for superconducting films. From the transmission data, using the two-fluid 
models, U
1 
and A have been obtained. The surface resistance for films 
deposited on LaAIOJ was calculated. In figure 1, which is adopted from 
reference 7, we show the quadratic variation of the surface resistance for 
laser-ablated YBaCuO films on microwave substrates. The surface re~istance is 
several orders of magnitude lower than that of copper. Surface resistance, 
penetration depth, and microwave conductivity measurements provide valuable 
information on the quality of these films for microwave circuits. 
Microstrip resonators patterned from thin films on microwave substrates 
allow direct me.asurement of microstrip losses. We have fabricated microstrip 
ring resonators operating at 35 GHz from laser-ablated YBaCuO thin films 
deposited on lanthanum aluminum substrate (ref. 8). Several groups have 
studied resonator circuits at lower frequencies (refs. 5, 9 to 11). The 
resonator circuits we fabricated were patterned by standard photolithography 
using negative photoresist and a "wet" chemical etchant. These resonators 
were characterized using a Hewlett-Packard 8510 Automatic Network Analyzer, 
operating in. a WR-28 waveguide. Two features are apparent: (1) the coupling 
changes with temperature (the coupling coefficient increases with decreasing 
temperature), and (2) the resonant frequency shifts with temperature. This 
change is a consequence of the dependence of internal impedance of the strip 
on the varying normal and superconducting electron densities. 
The best resonators measured to date have shown unloaded Q values 
ranging from 2500 to 1000 at 20 and 77 K, respectively. This corresponds to a 
surface resistance value of, at most, 15 roO at 77 K at 35 GHz, a value two to 
three times better than that of copper at the same temperature and frequency. 
The 33 to 37 GHz YBaCuO ring resonator circuit developed at NASA Lewis is 
viewed as a precursor to frequency-selective filters and may have potential 
application in enhancing the efficiency of radiating antenna elements. Such 
HTS resonating circuits have a high Q as compared to equivalent normal metal 
circuits and may afford reduction in size and mass of electronically-steered 
millimeter wave antennas. 
POTENTIAL APPLICATIONS 
Passive Microwave Circuits 
High T superconducting thin films have shown lower surface resistance 
c 
than copper. Low conductor losses have been demonstrated for a high T 
_ c 
superconducting ring resonator circuit. Low surface resistance and conductor 
losses are desirable in passive microwave circuits used in communication and 
radar systems since they offer increased bandwidth, reduction in loss and 
size, and provide low noise. A complete system analysis of the impact of high 
T superconducting microwave circuits remains to be undertaken. From a block 
c diagram of a satellite transponder (fig. 2), we have considered several 
potential applications of HTS microwave circuits in satellite communications 
system components. Based on results obtained to date on the performance of 
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superconducting microstrip resonator circuits with high Q values, one can 
easily project the application of superconducting passive circuits as low 
lOBS, high Q filters (ref. 12), high Q resonators, delay lines, power 
splitter combiners, and resonator stabilized oscillators. 
HTS materials may be most effective in enhancing the efficiency of 
phased-array antennas when incorporated into interconnects and power dividers. 
Thin films of YBaCuO offer a reduction in resistive heating loss =elative to 
gold and copper, and could conceivably be designed into microstrip lines. 
This frequency-dependent resistive heating loss effect is most significant at 
frequencies below Ka-band (H20 to 30 GHz). However, as frequency increases 
individual elements become smaller. The number of required elements 
increases, necessitating more complex interconnects, thereby making the 
overall savings from HTS materials more significant. 
At submi11imeter frequencies (f ~ 300 GHz), RF ohmic losses in antenna 
elements of normal metals are on the order of a fraction of a decibel. HTS 
antenna patch elements would thus yield only a slight advantage over normal 
metal components in this frequency range. However at millimeter-wave opera-
tion (30 GHz ~ f < 300 GHz), ohmic losses in antenna elements and intercon-
nects are significant in normal metals, making benefits from HTS materials 
appreciable. The small antenna sizes required at these frequencies are more 
readily encapsulated in cryogenic envelopes than are microwave-frequency 
elements. The critical current density of HTS thin films should exceed the 
current densities in proposed space communication antenna systems, which is 
expected to be on the order of 105 A/cm2 or less. 
Granular YBaCuO and BiCaSrCuO detectors have been fabricated and tested 
at 77 K, between 24 and 110 GHz (ref. 13). Superconducting microstrip lines 
were used as IF and/or video output lines. All detectors showed a dramatic 
increase in sensitivity below 77 K. The theoretical high-frequency limit 
(determined from the superconductor energy gap) for these detectors is in the 
low terahertz range. However, the experimental video response decreases by 
about one order of magnitude when the carrier frequency is increased from 100 
to 300 GHz. This research determined that the properties of HTS ceramics, and 
thus the resulting detector performance, are highly dependent upon the 
substrate material and are most likely tied to the dielectric properties of 
. the substrate. 
In addition to these applications, extremely low loss phase shifters 
using superconducting switches are also feasible. In figure 3, we show a 
phase shifter which utilizes superconducting-norma1-superconducting switches 
in place of FET/diode switches. The switches are fabricated from high T 
c 
thin fil~s of YBaCuO. The switches operate in the bo10metric mode with the 
film held near its transition temperature. Radiation from a light source 
raises the temperature and consequently causes the film to become resistive. 
If the switches in the reference path are illuminated, they too will become 
resistive. The switches on the opposite side of the device are superconduct-
ing. Since each switch is positioned one quarter of a wavelength from the 
junction, the signal will be reflected from the delay path in phase. A 
similar phenomenon occurs at the output port. To achieve "the desired phase 
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shift, the opposite set of switches is illuminated. Figure 3 shows the 
predicted behavior for a 1800 phase shifter, with an exceptionally narrow 
insertion loss envelope and excellent return loss. 
Figure 4 illustrates an example of a hybrid semiconductor/superconductor 
device. It is possible that by combining the excellent low noise properties 
of GaAs devices with the low loss and low noise properties of superconducting 
transmission lines, one can achieve ultra-low-noise receivers for satellite 
communications applications. If these promising concepts of high T 
c 
superconducting devices are actually brought to fruition, then one can 
conceive of their use in low loss, low noise superconducting phased array 
antennas in space communications systems such as shown in figure 5. HTS 
transmission lines can provide low loss feed networks for antenna arrays. 
E-BEAM DEVICES 
There are several areas for possible application of HTS material in 
electron beam devices. These include the slow-wave circuit, the cathode, and 
the focusing magnet. Superconducting slow-wave circuits are likely only in 
very limited applications due to the heating caused by interception of the 
electron beam by the slow-wave circuit. Another possible area of application 
of HTS material is in the cathode. Electron field emission from the cathode 
may be enhanced when the cathode surface is in the superconducting state. 
Research in this area is in its very early stages and not likely to be applied 
in the near future. 
What is likely to be the first application of HTS material in e-beam 
devices is for use as the focusing magnet. At the present time most traveling 
wave tubes used in space employ periodic permanent magnet (PPM) focusing to 
confine the electron beam because PPM focusing is lightweight and requires no 
power. The disadvantage of it is that the attainable magnetic fields are less 
than that required for optimum performance of the tube. This results in 
reductions in frequency stability, gain flatness, attainable output power, and 
overall efficiency. A larger solenoidal field can be used for confined flow 
focusing to overcome these problems resulting in a much improved tube. 
Because of the large number of potential applications of HTS magnets there are 
many groups working toward their development. 
CONCLUSIONS 
Microwave components have been fabricated from HTS materials which have 
superior performance over similar nonsuperconducting components. The develop-
ment of HTS devices has large potential impact on the communication system for 
future space missions. There remains a significant amount of progress to be 
made in the development of materials and devices to the extent of applications 
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of HTS technology to microwave systems. System studies must be performed to 
determine any overall advantage of HTS system along with the necessary coolers 
over conventional technology. 
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TABLE I. - KEY PROPERTIES OF MICROWAVE SUBSTRATES MATERIALS 
Material 
Magnesium oxide 
(MgO) 
Lanthanum aluminate 
(LaAlO
3
) 
Lanthanum gallate 
(LaGa03 ) 
Sapphire 
(Al 20 3 ) 
Yttria stabilized 
zirconia (ZrO) 
Silicon 
(Si) 
Gallium arsenide 
(GaAs) 
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Lattice size, 
A 
4.178 (100) 
4.792 (110) 
3.892 ( 110) 
--
5.111 (011 ) 
3.8795 (100) 
5.43 (100) 
5.653 (100) 
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Abstract 
This paper presents analysis of microstrip line structures in which either the strip or 
the ground plane or both are made of a high Tc superconductor. The effect of 
implementation of a superconductor to the strip and the ground plane is explained with the 
calculation of a conductor loss of the structure by the Phenomenological Loss Equivalence 
Method(PEM). The theoretical values are compared with the experimental results from a . 
ring resonator which is made of a gold ground plane and a high Tc superconductor, 
YBa2Cu307.x, strip. 
Introduction 
In this paper, we calculate and compare Q 
values of the microstrip line structures in which either 
the strip or the ground plane or both are a high T c 
superconductor. The motivation for this study is to 
provide the theoretical basis for the effective application 
of a superconductor to the microstrip line as well as 
other planar transmission lines. The analytical method 
in this paper is based on the Phenomenological Loss 
Equivalence Method (PEM) [1,21 and the introduction 
of the superposition principle of the internal impedances 
from the strip and the ground plane of the micros trip 
line. By using this method, we calculate the Q value of 
the ring resonator which has a superconducting strip 
and a normal conducting ground and compare the 
results with the experimental data. 
Analysis of Various Superconducting 
Microstrip Line Structure 
We analyze the various superconducting 
microstrip line structures that have alternative 
implementations of a superconductor and a normal 
conductor into the strip or the ground plane as shown in 
Fig.I. There are field penetrations even inside of the 
superconductor. These field penetrations contribute to 
the internal impedance and cause the conductor loss in 
the microstrip line structure as shown in Fig.2. The 
internal impedances from strip conductor and the 
ground plane are seperately calculated by PEM. Then, 
the total internal impedance is obtained by using the 
superposition of internal impedances. The internal 
impedance of each case is obtained by considering the 
cases where either strip or the ground plane is perfect. 
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When the ground plane is assumed to be perfect, the 
field penetration occurs only in the strip conductor. In 
this case, the geometric factor, say G I, of the 
microstrip line is obtained from the magnetic field 
penetration inside of the strip conductor. The 
equivalent strip [1,21 is obtained from Gl. The internal 
impedance of microstrip line under the assumption of a 
perfect ground plane can be obtained as Zi 1 = 
GI·ZsI·Coth(ZsI·aI·A·GI) where Zsl, al and A are 
the swface impedance, the conductivity of the material 
and the cross section (w'O of the strip, J:especively. 
Next, we consider the case where the field penetration 
occurs only in the ground plane. In this case, the 
geometric factor, G2, is obtained from the field 
penetration in the ground plane. The internal impedance 
from the ground plane is obtained as Zi2 = G2·Zs2·coth 
(Zs2·<12·A·G2) where Zs2 and <12 are surface 
impedance and conductivity of the ground, respectively. 
Then, the total internal impedance is obtained byadeirng 
Zil and Zi2. We calculate the propagation constant of 
the microstip line Structure by adding this internal 
impedance to the external impedance and by using the 
transmission line model. Since our method is based on 
the PEM, this can be applied to any field penetration 
depth compared with the conductor thickness as 
demonstrated in reference [I, 2]. 
Comparison Between Microstip Lines with 
Various Superconductor Implementation 
The conductor losses of each microstrip line in 
Fig.I are calculated by applying the method explained 
above. Then, we calculate Q values of each strip line 
by addition;ll consideration of substrate loss [3). This 
will give us insight to the effects of an application of 
superconductor on microstrip line. The dImensions of 
the structure are shown in Fig.3 (a). For the calculation, 
we use the measured conductivity values of the 
Y B a 2 C u 3 0 7 - x film obtained (rom the power 
transmitted through the film and a two fluid model [4]. 
The calculated Q values of each structure at 35 GHz are 
shown and compared in Fig.3. In this calculation, the 
value of 5.8 x 10-4 is used for loss tangent. Since the 
current is more concentrated on the strip, the 
imple~entation of a superconductor in the strip gives 
more IOfluence on the loss as expected. The extent of 
an effect of the implementation of a superconductor in 
the micros trip line can be ciifferent for different 
geometric structures of the microstrip line. . 
Next, we compare our calculated results with 
the experimental results from the ring resonator 
structure shown in FigA. This ring resonator has the 
resonant frequency of 35.0 GHz The details of the 
fabrication of this structure and the measurements are 
presented elsewhere [5]. The strip of this ring 
resonator is a thin film of YBa2Cu307-x deposited on 
LaAI203 by a laser ablated technique. The ground 
plane consists of Ti / Au. A thin Ti layer is employed to 
make the deposition of the gold on the substrate and its 
effect on the structure is negligible because it is thin 
compared with a gold layer. Fig.S shows the 
experimental Q values and the calculated Q values with 
the variation of loss tangent of the substrate. The 
calculated values of Q are higher than the experimental 
results. There are several factors for this discrepancy 
between the experimental and theoretical results. The 
ring resonator was built with a YBa2Cu307-x film 
different from the film on which the conductivity values 
were measured. The YBa2Cu307-x film used in the 
ring resonaltor has lower Tc and lower quality than the 
one used in the conductivity measurement. Also, it is 
more affected by the surface roughness because it is 
patterned. Another factor can be the edge current effect 
on the superconducting ring resonator. Also, since the 
conductor loss from the gold and superconductor 
decreases at the low temperature region, the substrate 
loss becomes more dominent. However, the 
information on the loss tangent of the substrate is not 
available at low temperature region. As we can observe 
in Fig.5, the Q values depend on the value of loss 
tangent of the substrate used in the calculation. The 
accurate characteristics of the substrate should be done 
in order to make it meaningful to compare the theoretical 
and experimental results. 
Conclusion 
In this paper, we presented a theoretical analysis 
of the superconducting microstrip lines with the various 
implementations of a superconductor and a normal 
conductor into the strip or the ground plane of the 
microstrip line. By uSing the method presented, we 
calculated the Q values of a ring resonator with the thin 
YBa2Cu307-x strip and the gold ground plane. This 
theoretical results are compared and discussed with 
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experimental results of a ring resonator with the thin 
YBa2Cu307-x strip and the gold ground plane. It was 
found that the substrate loss becomes very critical at the 
superconducting microstrip line. 
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Abstract 
Mierostrip transmission lines in the form of ring 
resonators have been fabricated from a number of in-situ 
grown laser ablated films and post-annealed co-sputtered 
YBa2Cu;07_X (YBCO) films. The properties of these 
resonators have been measured at 35 GHz and the 
observed performance is examined in light of the critical 
temperature (Tc) and film thickness and also the film 
morphology which is different for the two deposition 
techniques. We find that Tc is a major indicator of the 
film performance for each growth type with film 
thickness becoming important as it decreases towards 
1000A.. We find that the films with a mixed grain 
orientation (both 'a' axis and 'c' axis oriented grains) 
have poorer microwave properties as compared \\1th the 
primarily 'e' axis oriented material. We speculate that 
this is due to the significant number of grain boundaries 
between the different crystallites, which may act as 
superconducting weak links and contribute to the surface 
resistance. 
Introduction 
Numerous papers to date have demonstrated the 
applicability of thin films of the oxide-based high 
temperature superconductors to passive microwave 
circuits. Cavity studies1•2, conductivity measurements3 and 
patterned resonator4 studies have all demonstrated that 
high quality epitaxial films of these superconductors can 
have surface resistances significantly lower than normal 
metals typically used in microwave applications (Le. gold 
and copper). Despite these encouraging results, there is 
still no definite understanding of which film properties 
are most important in determining the microwave 
characteristics of a thin film of these materials. It had 
heen ollrobservation, that films produced by processes 
that involved a high temperature anneal typically did not 
perform as well in a microstrip ring re~onator as in-situ 
.~1anuscrjrt received September 24, 1990. 
grown films. In an attempt to address this issue, we have 
undertaken a study comparing the performance of post-
annealed and in-situ grown YB~CuP7.X (YBCO) films 
on lanthanum aluminate (LaAl03) using a patterned 
microstrip ring resonator with a 31 resonance at 35 GHz. 
The morphology of the films produced by the two growth 
methods is determined by X-ray diffraction (XRD) and 
scanning electron microscopy (SEM). We examine the 
unloaded Q vs temperature of each film type and note 
the effect of Tc and thickness on the performance. We 
compare the results from the resonators of the two 
growth types and observe the effect that the morphology 
has on the performance. Finally we propose an 
explanation of the observed differences based on the 
different film morphologies brought about by the 
different growth techniques. 
Film Growth and Resulting Morphology 
Two growth techniques were used to produce thin 
films of YBCO on LaAl03 with different film 
morphologies; these were in-situ laser ablation and co-
sputtering with a high temperature anneal. The laser 
ablated films were formed by the ablation of a sintered 
YBCO pellet by a 248 run excimer lase~. The substrate 
was mounted on a stainless steel block which was heated 
to 775°C in a background pressure of 170 mtorr for 
growth. The laser was pulsed at a rate of 4 pps and 
rastered over the target by means of an external lens. 
Following deposition, the sample block temperature was 
lowered to 450°C, the oxygen pressure raised to 1 
atmosphere and the sample allowed to' anneal· for 2 
hours. Then the block was allowed to slowly cool in 
oxygen to room temperature before removing the 
superconducting film from the growth chamber. 
The post-annealed samples were prepared by 
simultaneous co-sputtering of Y, Cu, and BaF2 targets 
onto a rotating LaAIO'l substrate at ambient 
temperature6• This resulted in a non-superconducting 
amorphous film which was then annealed at 850°C in an 
H20 saturated oxygen atmosphere for .5 hours to 
© 1991 IEEE. Reprinted, with pennission, from IEEE Transactions on Magnetics, Vol. 27, Pt. 4, March 1991, pp. 2940-2943 
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Figure 2. X-ray diffraction analysis of a co-sputtered 
post-annealed YBCO film on LaAl03• 
produce the oriented superconducting film. 
70 
The morphology of the resulting films was examined 
using X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). Typical XRD results from each type 
of film are shown in figures 1 and 2. Both show strong 
c-a'<is peaks and few spurious peaks indicating 
predominantly 'c' axis oriented material ('c' axis normal 
to the substrate). The co-sputtered films, however, tend 
to show the presence of extraneous phases more 
frequently than the laser ablated films. 
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Figure 3. SEM micrograph of the surface of a laser 
ablated YBCO film on LaAl03• ~ote the absence of 
misoriented grains. This film show's some surface 
roughness and particulates; the best films are virtually 
feature-less. 
Figure 4. SEM micrograph of a 3000A. thick co-sputtered 
post-annealed YBCO film on LaAl03• The 'basket 
weave' structure is composed of YBCO grains with either 
the 'a' or 'b' axis normal to the substrate. 
SEM investigation of the films (figures 3 and 4) 
shows a marked difference in the morphology of the two 
growth methods. The laser ablated films, in the best 
cases, are smooth and feature-less but sometimes (fig.3) 
show some surface roughness and particulates. These 
films show no evidence of large grains of misoriented 
material or secondary phases.- TE~l studies of other 
laser ablated films7 seem to confirm that this deposition 
process produces mainly 'c' axis oriented material \\ith 
few misoriented grains, though these same studies 
indicate that the 'c' material contains a high density of 
crystal defects. The post-annealed films, however (fig.-I). 
in all ca~es show the development of a 'basket weave' 
structure indicative of material oriented with either the 
'a' or 'b' axis normal to the substrate (referred to in the 
following as 'a' axis material or 'a' grains). That these 
grains ha\'e the 'a' axis normal to the substrate has been 
established by TEM studies8 using electron micro-
diffraction and cross sectional microscopy. That study of 
the microstructure of films produced in the same growth 
chamber has shown that for the post-annealed films the 
'a' oriented material extends from the substrate upwards 
and that as the film grows thicker the upper portion of 
the material contains a higher fraction of 'a' material due 
to differential growth rates along the a,b,and c axes. 
Fabrication and Testing 
The superconducting films were patterned into 
microstrip ring resonators using standard photo-
lithography. A positive photoresist was spun on, exposed 
through a -eV contact mask aligner and developed. The 
resonator pattern was defined by etching in a dilute 
« 1 %) solution of phosphoric acid which resulted in a 
well defined pattern with little undercutting. Finally a 
gold ground plane was evaporated on the reverse side of 
the circuit. 
The circuits were fabricated on lanthanum aluminate 
10 mils thick to avoid substrate modes at 35 GHz. The 
micros trip line width was 5.6 mil and the mean ring 
diameter was 77 mil and supported a 31 mode near 35 
GHz. The calculated impedance of the line wasA5 
ohms. The circuits were tested using an HP 8510B 
network analyzer in WR-28 waveguide. The Q's were 
extracted from the reflection response of the one port 
resonator. 
Results and Discussion 
The measured resonators showed a wide range of 
performance depending on fIlm thickness, growth method 
and Tc. Figure 5 summarizes the Q data obtained from 
the laser ablated films and includes the performance "Ofa 
gold resonator as a comparison. For films produced by a 
particular growth method, Tc appears to be a major 
indicator of the resonator performance. The best laser 
ablated film, #LAl, had the highest Tc. Two other films 
# LA2 and # LA3 which were of thickness 2500A and ' 
4000A but approximately the same Tc, 84°K, have similar 
performance further indicating that Tc is an important 
controlling factor in the film's microwave performance. 
Film #LA4 with a Tc of 87.2°K seems to deviate from 
this scaling trend as its Q values fall below the 84°K 
films. However, this film is only 120aA thick and the 
lower Q values are most likely a reflection of the 
thinness of this film. It is expected that at some point 
film thickness will become a dominant factor in 
determining the microstrip losses just as in normal 
conducting SHips, due to increased current density. 
Figure 6 summarizes results from the post annealed 
films. Again, an examination of the data indicates the 
importance (,f film Tc on perfr)rmance. The measured 
results ,cale quite well with the film Tc. However, the 
0 
117 
:~et~2 ,.-----------.--------. 
I 
i 
25 (~r! ~ 
• +:....R\ ie-es.? t-5Se~~ 
• +LA2 ic-e04." t.-ZSe2J1=! 
" +LA3 'Tc-S<I.2 t_ee0J>.. 
c +LA Tc-S7.Z t.-Izeef=l 
• Geld St.r-Ip 
20ee ;.. 
i 
i 
''''f 
""f see 
I 
J 
;; 1e 2e 3e <e 52 613 7a 62 52 
Figure 5. unloaded Q \'s temperature for severa! lase; 
ablated films on La..AJO,. All films eventual]\" perform 
better (tan the gold imblenentation of the r~s~r.ator. 
The bes! film is -four times better at 20-K than the gold 
[,"sonator. 
332C! 
""f 
""f 
151313 r 
leea r 
",:[ 
e 12 22 30 <e 50 613 
TEMPERRTURE (KELVIN) 
• +""Al ;c-se.s t-2:aal:1 
+ +t>R.2 'I c-S7. 7 t.-caaa.c; 
x .""FI..3 Tc-8<1. S t-3eaa'l 
82 
Figure 6. Unloaded Q vs temperature for several co-
sputtered post-annealed YBCO films on La..AJO. The 
scale is the same as figure 5 to facilitate compa:ison 
between the two film types. 
~nterpretation of the post annealed films and the relative 
Importance of Tc vs film thickness for them is more 
involved. As discussed earlier, the most striking feature 
of t.he post annealed film morpholo!,'Y is the presence of 
a hIgh density of 'a' axis oriented material. The presence 
of these 'a' grains and the resulting "basket weave" 
structure leads to a large number of grain boundaries. 
lee 
These must act as either slIpercontlllcting weak links or 
In:bedded nor:n.al conducting material, either of which 
Will calise addl.tional loss in the film. The higher the 
number of gram boundaries, the more lossy the material 
would tend to be. Comparing performance by this 
criterion, it is significant that the film #PAl with the be~t ,Per:orm.ance is also the film with the lo'west density 
ofa axiS onented material. 
The effect of the 'a' grains becomes more apparent 
when the post annealed and laser ablated films are 
compared. It is seen that as a group the post annealed 
films have lower Q's than the laser ablated films. The 
best ~ost-annealed ring resonator fabricated from a 
2100A film had a Q which was about half of that of the. 
best laser ablated resonator, fabricated from a 5500A 
film. Although some of the reduced performance in the 
post annealed resonator was probably due to the 
relatively thin film, the presence of 'a' axis grains also 
have an effect on the surface resistance. Because of the 
complexities of comparing films of different thickness and 
Tc's we have extracted values for the surface resistance 
of the fi.lms. This w~s acc~mplished by separately 
accountmg for the dIelectrIC loss (assuming tan 0 = 1E-4) 
and the normal ground plane loss and matchino the 
experimental Q values with values for the striposurface 
resistance. The strip a~d ground plane losses were 
calculated using the PEM9 method which takes into 
account the conductor thickness. The results are 
tabulated in Tab~e 1 and Table 2 with three temperature 
values for each film. The laser ablated films consistentlv 
show a surface resistance of approximately one half the' 
value exhibited by the post annealed films. 
Conclusions 
We have measured several 35 GHz microstrip rino 
resonators fabricated from laser ablated and co-sputte~ed 
post annealed YBCO films. It was found that for a 
particular film type (growth method) Tc is a strono 
indicator of the resonator performance. Thicknes; effects 
on the ~erformance of the resonators become apparent 
as the fIlm decreases towards 1000A; for thicknesses 
greater than this the performance is more dependent on 
the intrinsic properties of the material as indicated in Tc. 
Comparison of resonators fabricated from films of the 
two growth methods shows that the superconductino films 
with primarily 'c' axis orientation have better 0 
performance than the films with mixed grain orientation. 
We believe that weak links associated with the grain 
boundaries formed by the intersection among the 'a' 
grains and between the 'a' and 'c' material add an 
additional loss mechanism which limits the performance 
of circuits fabricated from this material. 
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'Table 1. Data for Laser Ablated Rims. 
As Imllilohms) 
Film Tc ThlckneM 20 K 40K 70K 
#LA1 88.7 K 5500A 5.3 5.5 8.3 
#lA2. 84.4K 2500A 8.4 9.2 15.9 
#lA3 84.2 K 4000A 7.0 8.5 9.0 
#LA4 87.2 K 1200A 4.0 5.9 7.7 
Table 2. Data for Post-annealed Rims. 
Rs 6'nliliohmsl 
Rim Tc Thlckooss 20 K 40 K 70 K 
#PA1 88.8 K 2100A 
#PA2 87.7 K 4000A 
10.5 14.2 19 
8.0 10.9 24 
#PAJ 84.5 K 3000A 10.3 13.7 
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MICROWAVE RESPONSE OF HIGH TRANSITION TEMPERATURE 
SUPERCONDUCTING THIN FILMS 
Abstract 
by 
FELIX ANTONIO MIRANDA 
We have studied the microwave response of YBa2Cu307_0' Bi-Sr-Ca-Cu-O, and 
Tl-Ba-Ca-Cu-O high transition temperature superconducting (HTS) thin films by 
performing power transmission measurements. These measurements were carried 
out in the temperature range of 300 to 20 K and at frequencies within the range 
of 30 to 40 GHz. Through these measurements we have determined the magnetic 
* . penetration depth (A), the complex conductivity (0' =0' I-JO' 2)' and the surface 
resistance (Rs). An estimate of the intrinsic penetration depth (A""121 nm) for 
the YBa2Cu30 7_0 HTS has been obtained from the film thickness dependence of 
A. This value compares favorably with the best values reported so far ("-'140 nm) 
10 single crystals and high quality c-axis oriented thin films. Furthermore, it was 
observ~d that our technique is sensitive to the intrinsic anisotropy of A in this 
superconductor. Values of A are also reported for Bi-based and Tl-based thin 
films. 
We observed that for the three types of superconductors, both 0'1 and 0'2 
increased when cooling the films below their transition temperature. This indicates 
that the temperature dependence of 0' 1 is not consistent with that expected from 
121 
the two-fluid model, and also deviates from the values obtained using the Mattis-
Bardeen equations based on the BCS theory. 
Values of Rs comparable to or lower than that for copper at the same 
frequency and at 77 K were obtained for the YBa2Cu30 7_b thin films. However, 
the Rs for the Bi-based and Tl-based films was larger than that of copper for all 
the measured temperatures. Our Rs measurements were consistent with those 
performed at 36 GHz on the same films using resonant cavity techniques. We 
have fabricated a resonant cavity to measure Rs' The measured Rs are in good 
agreement with other reported Rs values obtained using resonant cavity techniques 
if we assume a quadratic frequency dependence for Rs' 
Our analysis shows that, of the three types of HTS films studied, the 
YBa2Cu30 7_b thin films, deposited by laser ablation and off-axis magnetron 
sputtering are the most promising for microwave applications. 
• 
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Ab>tract 
A novel wave>:'Jide power t~ansmission measurement 
techniaue has bee~"1 dev~loped to extract the complex 
conduc'tivity (0' = c! - ja 2) of superconducting thin films 
at microwave frequencies. We obtained the microwave 
conductivity of two laser-ablated YBa:Cu30 7.o thin films 
on LaPJ03 \\ith uansition temperatures (Tc) of 
approximately 86.3 and 82 K, respectively, in the 
temperature lange 25 to 300 K. From the conductivity 
values we calculatec the penetration depth (.l..) to be 
aooroximatelv 0.5!. and 0.43 .urn, and the surface 
r~~istance(Rs) to be approximately 24 and 36 rno at 36 
GHz and 76 K for the two films under consideration. 
We further comoared the R values with those obtained 
from the chang~ in the Q_faSctor of a 36 GHz TEon-mode 
(OFHC) copper cay;ry by replacing one of its end walls 
with the superconducting sample. \Ve found that this 
technique allows noninvasive characterization of high-Tc 
superconducting thin mms at microwave frequencies. 
Introduction 
Microwave measurements of the high-transition-
temperature superconductors provide a convenient 
probe to be used in attempting to identify the conduction 
mechanisms and the nature of the superconducting state 
of these compounds.] \\rnereas dc resistance 
measurements provide information about the normal 
state above the transition temperature (Tc) and other 
techniques, such as magnetization measurements, give 
information on the superconducting state below Tc' 
microwave measurements can give useful information on 
both the superconducting and normal states? Another 
main objective of the microwave studies of these high-Tc 
superconductors is to evaluate the potential of these 
materials for microwave device applications.3 In an 
attempt to uncover the intrinsic properties and the 
ultimate performance of these oxides at microwave 
frequencies, surface resistance measu~ements of V~f)1 
high-quality thin films have been earned out by dIfferent 
researchers.~.5 Another parameter of fundamental 
importance in the cnaracteriz:.llion of these new materials 
is thc microwave conductivity. :--:e\'(;nhcless, reportS on 
measurements of this parameters are scarce, probably 
because more painstaking techniques are necessary to 
measure it directly. In this paper we report on the 
characterizatio:1 of laser-ablated YBa2Cu;07.0 thin films 
by a power trans:nission measurement technique. We 
obtained values for the microwave conductivity 
(0' = cr] - jcr 2) i;; the normal and supercondu~ting states 
and calculated the magnetic penetration depth (A) and 
the surface resistance (Rs) from the conductivity values. 
Finally, we compared the Rs values with those obtained 
from the change in the Q-factor of a 36 GHz TEoll-mode 
(OFHC) copper cavity, by replacing one of its end walls 
with the superconducting sample, to estimate the 
agreement between the two techniques in determining 
Rs' 
Experimental Procedures 
We used a pulsed-laser ablation technique to deposit 
the YB~Cu;O;-< thin films onto 50S-.um-thick LaAI03 
substrates. Tne deposition was performed at a substrate 
temperature of 755°C and at an ambient oAygen pressure 
of 170 mtorr. T;,e laser wavelength was 248 run, the 
pulse length was 20 to 30 ns, and the pulse rate was 2 
pulses per second. During deposition the distance 
between the target and the sample was kept at 7.5 cm, 
and the laser fluence on the target was maintained at 2.0 
J/cm2 per pulse. For the deposition of the films we used 
YBa2Cu30", stoichiometric targets with a density greater 
than 95% of theoretical. During this process the laser 
beam was scanned 1 cm across the target by using an 
external lens on a translator. At the end of the 
deposition process the oxygen pressure was raised to 1 
atm, and the temperature was slowly lowered to room 
temperature. A more detailed description of the 
deposition technique can be found elsewhere.6 
We analyzed t:le films by x-ray diffraction, de 
resistance versus temperature measuremems, and 
scanning electron microscopy (SEM). The Tc was 86.3 K 
for one of the iiliTIS ( hereinafter called saiTIple 1) and <It 
82.0 K for the Diner (hereinaftcr called s~m?le 2). The 
de resistance VerS:lS temperature for sample 1 is shown in 
Fig. 1. Thc x-ray diffraction pattcrn rcvcc.lcd that both 
films are singled phased with a predominantly c·axis 
orientation. The SEM's showed the presence of 
©·1991 IEEE. Reprinted, with permission, from IEEE Transactions on Magnetics, Vol. 27, Pt. 2, March 1991, pp. 1284-1287 
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randomly distributed particulate inhomogeneities whose 
Jvaage size was", 1/4 ,Um. 
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We performed the power transmission and phase 
measurements on a Hewlett-Packard 8510 automatic 
network analYZer connected to a helium gas closed-cycle 
refrigerator by Ka-band (26.5 to 40.0 GHz) waveguides_ 
. :1 the measurements were made under vacuum ( < 10-
c',orr) in a custom-designed vacuum chamber. Inside the 
vacuum chamber the sample was clamped between two 
waveguide flanges mounted on top of the cold head of 
the refrigerator. The waveguides were made of thin-wall 
stainless steel to minimize heat conduction, and their 
inner surfaces were gold plated to reduce microwave 
energy losses. The flanges were made of brass; their 
inne;'surfaces were also gold plated. Inside the 
\\'aveguides there were vacuum sealed mica windows. 
be temperature of the sample was monitored with 
.. ;/icon diode sensors mounted on the waveguide flanges 
that supported the sample. 
The measured temperature dependence of the power 
transmission coefficient (T) (ratio of transmitted power 
to incident power) corresponding to sample 1 is given in 
Fig. 1. In the normal state the behavior of the 
transmitted power with decreasing temperature was 
~imilar to that of the de resistance. At temperatures just 
lelow the onset temperature the transmitted power 
jropped abruptly, falling m~n~tonically with decr~asing 
temperature, until a lower lmllt was reached. ThIs 
behavior was typical for both films. 
Surface Resistance and Magnetic Penetration Depth 
We calculated the surface resistance Rs and the 
magnetic penetration depth A from the microwave 
co~plex conductivity. The real and imaginary pans of 
:he complex conductivity are given in terms of the power 
:ransmission coefficient T and the phase shift ¢ by 
(1 ) 
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and 
I = {(2n/T 1/")[ncos(k nt)cos(kot + ¢) + sin(kont) 
sin(k t + ¢)] - 2n2 cos!(kontJ - (n' + llsin2(nkut))1 
kod[n\os2(kont) + sin'(k,,nt)] . (2) 
where k is the wave number of the normal inciccnt transver~e electric wave propagating in the rectangular 
waveguide, d is the film thickness, t is the thickness of 
the substrate with refraction index n, R = 1 + 4110 2/w €, 
I = 4rro 1/w € , W 1m = f is the frequency of the wave, and € 
is the relative dielectric constant of the material. 
Figure. 2 shows the tpmperature de!,endence I)f 0 1 
and O 2 for sample 1 at 35 GHz. The conductivity at 
room temperature (- 3.9xlOS S/m) compared reasonably 
well with reported values of dc conductivities in this type 
of film7. The change of 0 1 with decreasing temperature 
exhibited a metallic behavior dO\\11 to the onset 
temperature, at which 0 C 1.3xl06 S/m. In the normal 
state o? was close to zero, as expected for a good 
conductor. Note that both oland O 2 increased upon 
going through the onset temperature, with 0 1 reaching 
values of 4.0xl06 and 4.8x106 Sim at 76 and 50 K, 
respectively, and O 2 reaching values of approximately 
l.3xl07 and 1.8x107 Sim at these same temperatures. 
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We calculated the values of the magnetic penetration 
.depth.l.. from the values of O 2 and London's expression 
.l.. = (;l.owo ;;.1/2. For sample 1, A of 0.57 and 0040 )lm were 
obtained at 76 and 25 K, respectively. Figure 3 shows a 
plot of.l.. versus temperature for this sample. For 
sample 2,.l.. of 0.43 and 0.26 were obtained at 76 and 
25 K" respectively. 
The values of).. obtained in this study were higher 
than the best reported values for strongly c-axis-oriented 
YBa2Cupu thin films on SrTi03 (A 0"'0. 14 ,Um).8 These 
larger A values can be explained in terms of the existence 
of residual inhomogeneities. It has been shown9 that 
these inhomogeneities can produce grain boundary 
Josephson junctions, which will increase the effective 
penetration depth. Furthermore, although the x-ray 
diffraction pattern for the films revealed 
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FIGURE 3. - MAGNETIC PENET,ATION DEPTH VERSUS.TEM-
PERATURE FOR A YBa2CU307_6 THIN FILM (2655 A) ON 
A LaAI03 SUBSTRATE. 
1 
predominantly c-axis orientation, SEM micrographs 
revealed randomly distributed grains protruding through 
the surface that may be a-a'l:is-oriented grains. The 
presence of a-axis oriented grains in a film increases the 
value of A, since the penetration depth fOr shielding 
currents along the c-a.xis is greater than that for shielding 
currents in the a-b plane.1o , 
The surface resistance R. for films in the 
superconducting state .can be obt::.ined by using the 
expression 11.12 
(3) 
where Rx=(w.uo/2n~y/2 and C1:-; are the surface resistance 
and the conductivity, respectively, at the onset . 
temperature as determined from microwave power 
transmission measurements. The R. values at 36 GHz 
were obtained assuming a e dependence for R •. The 
change in R. for sample 1 with decreasing temperature is 
shown in Fia. 4. At 76 K, R, of 24 and 36 mil were 
o '?- K, obtained for samples 1 and 2, respectIvely. At _) an 
R. of 12 mil was obtained for bmh samples. The surf~ce 
resistance for the samples was also measured by lookmg 
at the change in Q of a TErJll-mode (O~HC) copper 
cavity resonant at 36 GHz when one of ItS end walls was 
repl~ced with the superconducting sample. Values for R. 
at 76 K of 25 and 303 m'1 were measured for samples 1 
and 2, respectively. The R. \'alues for sample 1 as 
measured by the cavity technique are plotted in fig. 4. 
We have also plotted the R. of copper for comparison. 
:"\'ote that both techniques give an R, that decreases 
rapidly when the sample is cooled through the transitio:1 
temperC1ture ,,;'0 then le\'els off "t low::r temperC1tures, 
showin2 a resicual surface resi;:,,:lce that changes very 
~Iowlv ~;ith decreasing teT:1?crat:.;;-e. Ohserve that 
altho'u!!h there is a considerable discrepancy between tnt 
R, \·:.d~es Obll:.:neo hy the !'),O techniques at temperature:; 
not far below T" thc:y coT:1pare better l:.t lower 
tcmpc:rC1wres. The ~ame ft;,tu,c: ·.':as (,hserved for samp:-:: 
125 
~. The normal ~kin ocpth <5:,; = :R.J(,.) Jl o for sample 1 
calculated frolll the R, value at '(,7 K as Illeasured hy the 
c:lvity tecilnitjtlc is approximately 5.4 JlIll. The largen~:;~ 
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of this value relative to the film thickness of 
approximately 2655 A suggests that a great deal of energy 
could be leaking through the substrate, an effect that 
would result in an overestimation of R •. Because of the 
inhomogeneous nature of these films, it is very probable 
that some leakage can persist at temperatures lower than 
Te, bilt not at temperatures far below TC' since at these 
temperatures most of the film is superconducting. The 
increasing agreement between the R. values obtained by 
the two techniques at lower temperatures seems to be 
consistent with this argument_ 
The results obtained by the microwave power 
transmission technique were strongly influenced by the 
intrinsic behavior of the superconducting intragranular 
material as well as by nonintrinsic losses due to normal 
inclusions am~ grain boundary effects in the interior of 
the film. Therefore, the R. values obtained with this 
technique may be affected more by the nonintrinsic 
properties of the films than those measured by the cavity 
technique, which is only sensitive to the surface 
properties of the film. However, in view of the good 
correspondence obtained in this study for the R. values at 
low temperatures, we believe that the microwave power 
transmission measurement technique provides an 
alternative way for determining R. particularly at 
temperatures far below Te. 
Conclusions 
We have used a microwave power transmission 
measurement technique to determine the surface 
resistance R, and the magnetic penetration depth). of 
YBa2Cupu superconducting thin films. The calculated 
i. values. were higher than the best reported values 
perhaps because of the effect of the film's 
inhomogeneities. Comparing the R, values obtained hy 
this lechnique with Ihose measured by using a cavity waJ!-
replacement technique suggests the suitability of the 
microwave power transmi,sion rncaSlIn.:I1lCnt tcchni411c 
for estimating R, values of supcrc()!ltillcting thin films. 
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Properties of large area ErBa2 CU3 0 7 -x thin films deposited 
by ionized cluster beams 
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ErBa2 Cu) 0, .. x films have been produced by simultaneous deposition of Er, Ba, and Cu from 
three ionized cluster beam (ICB) sources at acceleration voltages of 0.3-0.5 kV. Combining 
ozone oxidation with ICB deposition at 650·C eliminated any need of post anneal processirig. The 
substates were rotated at 10 rotatioils per minute during th.! deposition which too!~ place at a rate 
of about 3 to -+ nm. ErBa2 Cu, 0, _., films with areas up to 70 mm in diameter have been made by 
ICB deposition. These film~. IOO-nm thick, were deposited on SrTi03 (100) substrates at 650·C 
in a mixture of 6 at. % 0, in 0: at.a total pressure of 4 X 10 - 4 Torr. They had T,. ranging from 
84.3 \0 86.8 K over a 70 mm diameter and Jc above lOb A/cm2 at 77 K. Another set of three 
samples. deposited within a 50 mm diameter, was examined by magnetization measurements. 
These sam pIt's had J, ranging from 8.2 X lOll to 1.1 X 107 A/cm" at 4.2 K and from 2.4 Xl 0' to 
5.1 >; 10' A/erne at 70 K. X-ray diffraction measurements of the three samples showed 
preferential c-axis orientatioll normal to the substrate surface. Rocking curves showed small 
variation in grain misorientation with sample position relative to the center of the substrate 
holder. Scanning electron micrographs (SEM) of the three samples also show some texture 
dependence on sample position. For the three samples, there is a correlation between SEM 
texture. full width at half-maximum of rocking curves and J, versus temperature curves. 
I. INTRODUCTION 
Since the disco\"ery of cuprate high temperature supercon-
ductnr~ (HTS) by Bcdnorz and Muller' in 1986. a large 
number of ill\"estigatioJ1s have been de\·oted to the develop-
ment ofHTS thin film depositioll. 2 Of particular importance 
are the issues of surface roughness and the difficulties of 
fabricating large area. mirror smooth films with uniform 
physical properties. In general, smooth surfaces can be pro-
duced only ifmediulll temperature deposition processes are 
used. The substrate temperature during deposiJion signifi-
cantly influences the critical temperature Te' J The substrate 
temperature also strongly influences the orientation of the 
film crystal structure relative to the crystal plane of the sub-
strate.' Substrate temperature, deposition rate, and film 
composition all influence surface smoothness.4 For large 
area HTS films all of these factors must be well controlled to 
achieve high quality films for a variety of electronic applica-
tions. 
Obviously, it is important to use a deposition technique 
which is able to produce single crystal HTS films on a wide 
range of substrate materials, especially those which do not 
have an ideal lattice match with 123 type ceramics. It has 
been known for some time that ionized cluster beam (ICB) 
deposition allows epitaxial film growth to be achieved even 
in cases of large lattice mismatch. 5 Therefore, the recent 
application of ICB deposition to the fabrication of 123 type 
films is a logical development in HTS thin film research. b At 
this time, it is of interest to survey some physical properties 
of ICB deposited I n films since these films have good pros-
pects for thin film electronic device applications. 7 The data 
presented here concern films produced in an experimental 
ICB apparatus. This ICB equipment was fabricated by Mit-
subishi Electric Corporation in Amagasaki, Japan. and is 
presently being used at the University of Colorado at Colora-
do Springs. 
II. EXPERIMENTAL 
Three ICB sourcess were used to deposit 123 thin films on 
a variety of substrate materials. The base pressure of the 
vacuum system was 5 X 10 - 9 Torr. Load-lock mechanisms 
were used to introduce samples into the chamber, and to 
reload refractory metal source crucibles. The sample holder 
platten was 100 mm in diameter and was heated to 650 ·C by 
thermal radiation from Ta wire heaters located above it. 
During film deposition, the sample holder was rotated at 10 
rpm to obtain uniform film properties. Ionization of the clus-
ter beams was produced by electron impact, and the accel-
eration voltage for deposition wa~ between 0.3 and 0.5 kY. 
Quartz crystal deposition monitors were used to determine 
the deposition rate from each source before and during depo-
sition. The film deposition rate was 3 to 4 nm/min. A shutter 
was opened and closed to start and stop deposition. The sub-
strate temperature was monitored by optical pyrometry dur-
ing film deposition. The oxidation gas was composed of 6 
at. % ozone in oxygen. This gas was introduced into the 
chamber through a narrow tube located in proximity to the 
substrate holder. The oxidizing gas pressure was raised to 
4 X 10 ·4 Torr after the substrate temperature was stabilized 
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and held constant during deposition and during the sample 
cool down. 
III. RESULTS 
YBCO and ErBCO thin films have been deposited by ICB 
onto a variety of substrates. These films have very similar 
properties. However, Er has a vapor pressure that is signifi-
cantly higher than the vapor pressure of Y at any tempera-
ture. 8 Thus, the source temperature for the deposition of Er 
is significantly lower than for Y at the same deposition rate. 
This is an advantage for ErBCO deposition. 'fherefore. in 
this paper we will limit our discussion to ErBCO films de-
posited by ICB. 
Figure 1 shows the resistance-temperature relationship 
for an ErBaCuO film on SrTiO, (100). This curve shows 
essentially a linear decline of resistance until the steep drop 
to zero resistance at 87 K. A typical J. versus temperature 
curve of an ICB deposited ErBaCuO film on SrTiO, is 
shown in Fig. 2. At 77 K, J, is greater than I X 10" A/cm", 
and J,. increases to over 3 X 10" A/Cln2 at 65 K. 
Some work has been done to determine the properties of 
large area ErBCO films. Three ErBCO films deposited si-
multaneously on SrTiO, (100). The positions of the sub-
strates on the sample holder are shown in Fig. 3. The center 
of sample A was 25 mm from the center of the sample holder. 
the center of sample B was 18 mm from the center, and sam-
ple C was centered it) the holder. The films were deposited at 
a nominal substrate temperature of 650 'c and were I DO-nm 
thick. These films were examined by scanning electron mi-
crographs (SEM). The micrographs of films A, B, and Care 
shown in Fig. 4. As seen in these micrographs, the film struc-
ture becomes more textured as the distance to the center of 
the sample holder becomes smaller. 
The Te for films A. B, and C were 86.3.84.9, and 84.8 K, 
respectively, as measured by the four point probe method. 
The widths aT,. of the conductor to superconductor transi-
tion were 2.1,2.6, and 2.8 K, respectively. Zero field magne-
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tization (ZFC) and magnetization hy~tcresis me:.\,.urenlenrs 
of these samples were made in a Quantum Design magnetic 
property measurement system (MPMS). All magnetization 
measurements were performed \\lith the SrTiO:, substrate 
face perpendicular to the applied magnetic field. The ZFC 
curve for sample A is shown in Fig. 5. The onset of diamag-
netism occurs at approximately 85 K, in agreement with the 
direct current measurement of zero resistance at 86.3 K. The 
hysteresis curve for sample A at 4.2 K is shown in Fig. 6. The 
current density J, at the temperature at which the hysteresis 
curve is measured can be calculated from the model of 
Bean.4 This calculation is an approximation since we are 
working with thin films and the Bean theory is based on 
cylindrical samples. However, this approach allows one to 
make comparisons between samples, and furthermore, the 
J e calculated from hysteresis curves can be compared to di-
rect current measurements of Je at higher temperatures. The 
values of Je versus T derived from hysteresis curves for sam-
ples A, B, and C at various temperatures are shown in Fig. 7. 
These values of J e are very close except at 70 K, where J e for 
sample C is significantly lower than the J e for samples A and 
B. At 70 K, the calculated Je for these samples is somewhat 
lower than Je found by direct current measurements by 
roughly a factor .of 2: However, given the approximations 
made to calculate J e and the uncertainties in the sample di-
mensions (thickness and area), the agreement between the 
results found for Je by two distinct methods is fairly good. 
The x-ray spectrum of sample A is shown in Fig. 8. The x-
ray diffraction spectra of samples A, B, and C are virtually 
identical. Since diffraction peaks only from (001) planes are 
visible in the spectra, it appears that the films have nearly 
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pei'fect c-axis orientation norm:.!l to the substrate surface. 
However. the diffraction peaks characteristic of a-axis and 
h-axis growth may be obscured by the SrTiO, peaks: There-
!\)re one must look for reflections. such as the (102) and 
1(12) reflections. which do not overlap with the SiTiO, 
peaks. T:li, type ofrnedst,rement Iequires a four-cir;::le di,'-
t'ractometer. which we have not used. 
X-ray rocking curws give another indication ,,1" cry qal 
pe;·r'ection. Rocking curves were made of the (005) re~d,s f(w 
':.,mplt~~ .'\. B. and C. These rocking curves ga\t' fuli width at 
half-maximum (FWHM) values 01'0.46'.0.60'. and 0.6:'; fl'!" 
':i1l1ple, A. B. and C. respecti\·ely. It is evident that the film 
, Ij' S~1 mple A has a higher degree of crystal perfection than t h<: 
c\ther two samples. The x-ray rocking curveresults correlate 
\\ell with the higher T,. the smaller !:::.7~. and the nominali\ 
higher J, of sample A. 
For samples A. B, and C the SEM micrographs. the x-ray 
rocking curves. and measured T. and J,. show variations of 
Him properties as a function of distance from the center of 
the sample holder. These variations in film properties were 
caused, in part. by a temperature gradient in the sample 
holder. using thermocouples spot welded to the sample 
holder, we found a temperature 35°C 100ver at the edge of the 
sample holder when the temperature was 650°C at the cen-
ter. Therefore. when large area HTS films are deposited. it is 
important to take steps to make the substrate temperature a, 
uniform as possible. 
Further information on this subject was developed by si-
multaneously depositing ErBa~ Cu., 0 7 _ x on eight I X 1 cm 
SrTiO, substrates uniformly distributed on a circular sub-
strate holder. Figure 9 shows the center positions of the eight 
SrTiOJ ( 100) substrates on a sample holder. The outer di-
ameter of the substrate group was 70 mm. The measured T, 
of the ErBCO films is given in Table 1. 
There is a 2.5 K variation in T,. for the eight samples. This 
variation appears to be random. This randomness may be 
caused by a combination of small temperature and depo-
sition rate non uniformities. More work is required to corre-
late film structure, Tc and Jc with ICB film deposition condi-
tions, especially for large area HTS films. 
Although SrTi03 is an excellent substrate material for the 
epitaxial growth of 123 type HTS films, it has a large dielec-
tric constant. This makes SrTiO, a poor candidate among 
substrates considered for high frequency applications of 
HTS films. In spite of its less than ideal lattice match with 
123 films, MgO has been shown to be a good candidate as a 
substrate for high frequency applications. 10 Another materi-
al of interest is LaAIO, which has a good lattice match with 
123 films and good power transmission properties at milli-
meter wavele~gths.IO·11 ICB deposition of ErBCO film~ on 
these materials has produced Tc of86 and 83-84 K and J, of 
3 X lOs and 1 X lOs A/cm" at 77 K on MgO( 100) and 
" 
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LaAIO, (100), respectively.12 These results were obtained 
for films of thickness ranging from 0.1 to 0.14 f.l.m and depos-
ited on 650°C substrates. Because the number of depositions 
on MgO and LaAIOJ substrates has been limited, these re-
sults should be considered as preliminary. Streaked reflec-
tion high-energy electron diffraction (RHEED) patterns 
from as-grown ErBCO films show that the surfaces of 
ErBCO films .on MgO( 100) substrates can he made ex-
tremely smooth by ICB deposition. 12 
IV. CONCLUSIONS 
The ICB deposition of ErBa: Cu, O~, fi1l:1\ (\,\ \ ari()u~ 
substrates has been demonstrated to produce high quality 
films without need of post-annealing processes. Large area 
(70 mm diameter) films have been grown in a mixture of 
ozone and oxygen on SrTiO, ( 100) at nominal ,ubstrate 
temperatures of650 0c. T. for these films are generaliy in the 
range of 84-87 K, while J. is commonly near I X 10" A/m" 
at 77 K. Preliminary x-ray diffraction data sho\\ that the 
films grown on SrTi0.1 are epitaxial with the c-aXIS perpen-
dicular to the plane of the substrate surface. Howewr, more 
detailed x-ray diffraction measurements are needed to deter-
mine the proportion of a-axis and b-axis perpendicular 
growth. Measurements offilm properties in the U.S.A. have 
confirmed similar measurements made al Mitsubishi Elec-
tric Corporation in Japan. Therefore. it has been established 
that large area, smooth, stable HTS films having high J, and 
very good T, can be routinely produced by ICB. 
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TEMPERATURE DEPENDENCE OF THE ANISOTROPY IN MAGNETIC RELAXATIO:-; 
IN YBa2Cu30 7_x THIN FILMS 
Satish Vitta, M_ A Stan and S_ A Alterovitz 
NASA Lewis Research Center 
Cleveland, OH 44135 
Abstract 
The relaxation of diamagnetic magnetization in the 
c-axis aligned YBaz~07_. thin film is studied as a function 
of orientation and temperature in the range 5-50 K at H = 
0-2 T. The magnetization M{T,H) in both the orientations 
H I c and H.l c and at all the temperatures is found to 
decrease logarithmically with time t. An activation energy for 
the movement of flux lines U can be obtained using the 
relation U = -kT {liMo. dM/dlntfl and is found to be 
30-110 meV in the range 5-50 K For HI C, U increases 
continuously with T, where as for H.l C, U has two apparent 
maxima: at T = 10 K and T > 50· K. These results are 
discussed in terms of the thermally activated flux motion 
model. 
the standard x-ray diffraction and rocking curve techniques 
indicates that it is highly oriented with the c-axis 
perpendicular to the film plane. The grain morphology 
ob3erved using scanning electron microscope shows that the 
grains are elongated rod like and the typical grain size is 
"" 0.5 #m x 10 #m. The superconducting transition 
temperature was determined by the dc four probe resistance 
method and is found to be 90 K with a transition width 
< 2 K. 
The magnetic relaxation results reported here were 
obtained using the Quantum Design SQUID magnetometer. 
A clear plastic straw which has a negligible moment 
compared to the sample was used as the sample holder. In 
Introduction order to keep the spatial inhomogeneity in the applied field 
Among the different magnetic properties of the high to < 0.5 % during the measurements, a short scan length of 
temperature superconductors, the magnetic flux relaxation or 3.6 em is used. During each measurement, the sample was 
creep has been extensively studied to determine the flux warmed up to 100 K, well above the transition temperature, 
pinning energy, the nature of flux line configuration and and held for 5 min before cooling to the required 
motion. In the case of YBazCuP7t when H I c, the reported temperature. The magnetic field was then set to the desired 
values for the pinning energy in single crystals ranges from value, 3 min after the temperature reached a stable value 
20 me V to 17 e V and for thin films they vary from 25 me V (± 0.5 % of the set value). The magnetic relaxation data was 
to 4 e V. I The large variation is partly due to the different recorded for 4000 s after the field was stabilized and a 3 min 
types of measurement techniques used. The flux relaxation wait peri0d. 
and thus the pinning energy are generally discussed in terms Results and Discussion 
of thermal activation combined with tile various critical state The diamagnetic relaxation is studied as a function of 
models.2 The flux relaxation rate for H.l c was found to be temperature T and field H orientation With respect to the 
higher as compared to that for H I c by Rice et al.3 in c-axis of the YBazCuP7_" A fixed field of 0-2 T was used in 
disagreement with the results of Yeshurun et al.4 This all the cases. The magnetization was found to relax 
anisotropy in relaxation has not been extensively investigated. logarithmically with time t (for t > 100s) both for H I != and 
In this paper we report the diamagnetic relaxation in H.L c in the temperature range 5-50 K, indicating that the 
YBazCu
3
0 7_. thin film as a function of field orientation and sample was in the critical state. The rate of relaxation or flux 
temperature in the range 5-50 K. The results are discussed creep dMfdlnt suitably modified by the demagnetization 
in terms of the thermally activated flux motion model as factor is shown in fig.l{a). For both the orientations dM/dlnt 
modified by Beasley et al.s Although a qualitative bas a maximum, but at different temperatures_ The creep 
explanation for the temperature variation of the activation rate normalised with the initial magnetization ~ 
energy U can be obtained using this model, it is found to be (M at t = 100 s), however does not exhibit a clear maximum 
insufficient to explain the results completely. for either of the directions and is shown in fig.l(b). This 
Experimental Procedures shows that the variation of Mo with T is significant and that 
The YBazCuP7_. thin film (0.5 #m thick) was prepared it can not be ignored. 
by co-evaporation of Y, Cu and BaF2 onto (100) SrTi03 The high rates. of flux creep observed in the high 
substrate in an oxygen partial pressure followed by artnealing temperature superconductors are generally attributed to the 
in wet O
2 
at 850 C. The film texture, analysed by extremely short coherence lengths, thus low energy barriers, 
© 1991 IEEE R - d' '. and discussed in terms of the thennally activated flux motion 
. epnnte, WIth penmsslOn, from IEEE Transactions on Magnetics, Vol. 27, No.2, March 1991, pp. 1083-1085 
131 
, 
9 
i 
" .I 
0 
.-4 
II 
...., 
~ 
~ 
'" ...... ~ 
.. 
~ 
.-4 
0 
50 
4.0 
SO 
20 
10 
0 
H .. 0.2 T 
0 20 "'0 60 
T, ~ 
(b) H - 0.2 T 
0 ~O "'0 60 
T, ~ 
Figure 1. (a) The diamagnetic flux creep rate dM/dlnt in 
the temperature range 5-50 K atH = 0.2 T. 
For H ~ c (I.) the demagnetization factor N 
= 0.98 and for Hl-c (0) N". 0.6 
(b) The normalised flux creep rate 
l/Mo·dM/dlnt; 
Mo = M(t = 100 s). 
model. According to this model, the flux lines move as a 
result of the driving force which is due to the combination of 
flux line density gradient and thermal activation. The 
activation energy for flux line motion is given as,s 
V = -kT {l/Mo. dM/dlnt}"l. The activation energies for flux 
line motion determined using this relation are shown in fig.2. 
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Figure 2. The activation energy V(T) for HI c (A) and 
H..l c (0) at H = 0.2 T. 
(The lines through the data points in both the figures is only 
an aid to the eye and does not indicate any perticular 
behaviour). 
For H I c, V increases ll1-onotonically from - 34 me V 
at 5 K to - 104 me V at 40 K and saturates. 1bis behaviour 
can be understood qualitatively using the formalism given in 
ref.5. The activation energy V is assumed to be a linear 
function of the driving force F and is given as 
V = Va - FVX, where V is the activation volume and X is 
the pinning length. The driving force F ex HvB or IDe> where 
Jc is the critical current density at to. Hence V(T) can be 
represented as V(T) ". Vo(T,vB) - HVX1c(T,vB). The 
intercept Vo is merely a tangential intercept of the true 
pinning potential Vp versus the field gradient vB curve. As 
the temperature increases, vB and Jc decrease while U o 
increases and as a consequence the observed value of U 
. increases \vith T. 
As mentioned earlier, the model offers only a 
qualitative explanation for V(T). The serious limitations of 
the model are as follows; (i) although Vp is treated as a 
nonlinear function of vB, the net activation energy V is 
. assumed to be a linear function of F; (ii) the treatment is 
valid only in the limit V > > kT, i.e. the flux line motion is-
only along the field gradient vB, which is valid only at low 
temperatures and high Vp; and (iii) it does not take into 
account material anisotropy and variation in the pinning 
strengths_ 
For B-1 c, the d~1/dlnt curve [fig.l(a)] exhibits a peak 
at '" 30 K. This is generally interpreted as the temperature 
at which the flux fronts meet at the center of the sample.3 
The activation energy U is found to increase with T only for 
T > 30 K, (fig.2) consistent within the description of 
thermally activated flux creep. However the values of U for 
T < 30 K cannot be understood even qualitatively using the 
above discussed model. The values of U for both the 
orientations are in the same range, contrary to the 
observation in a YB~Cup7 single crysta1.4 A plausible 
reason for the low effective anisotropy is the density and type 
of defects in the film. Recently Daemuling et ae have 
reported point defects as the sources for pinning in single 
crystal YB~Cu307~' 
In conclusion, we find' that the magnitude of the 
apparent pinning potential U is independent of the 
crystallographic orientation and is similar to that reported 
earlier. l In order to completely understand the nature of 
pinning and flux line motion, the field and temperature 
dependence of U together with the field dependence of the 
irreversibility temperature are required. The flux pinning in 
j)olycrystalline materials also depends on the method of 
sample preparation and hence a knowledge of the 
microstructure is needed to determine Up unambiguously. 
Preliminary measurements of U as a function of H indicates 
that it decreases with increasing H,8 contrary to the model 
proposed by Beasley et al. 
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Abstract. Samples of LaAIOJ r.;a::::e by f:arT,e fusion aC1:::: the Czochra!s~i me:,'lOd 
were subjected to the same te~;:>era:'.Jre conciticns t~at they h2.ve to undergo 
during the laser a::lation deposi:ion of Y5e~CUJ07_' L-;in films. After oxygen 
annealing at 750 :C, the LaAIOJ S:Jbstrate made by the two methods experiencec 
s:;rface roucheninc. The decree cf rouchening on the st.:btrate made by the 
Czochralski-method was thr~e times gr-ea:er than tha: on the s:;btrate mace by 
fiame fusion. This excessive s:.:r.2.ce rCt.:ghening may be the origin of the 
experimentally observed loweri:-:g of the critical temperature of a film deposited by 
laser ablation on 2. LaAI0 3 subs:rate mace by the Czc-chralsid me!hod with respect 
to its counterpart ceposited or: 2. L",t..i0 3 S:Jbstrate rr:e::e by fleme fusion. 
1. Introduction during the growth of YBa l CU307-4 films by lase~ abla-
tion. In addition, to determine the effect of t:;'e S'.lri'ace 
High-temperature supercono'.lcting (hIS) tb.in films have 
been grown on La . .6J0 3 (100) substrates because of its 
lattice match v.ith YBa2Cu30~-J and its possible suit-
ability for the fabrication of microwave de\ices [1-3]. 
Since the surface quality of the substrate is ve0 impor-
tant in determining the quality of the hIS film to be 
deposited, it is necessary to know what kind of changes, 
if any, can take place on the substrate'; surface during 
HTS film growth. For LaGa03 substrates, :\1iyazawa 
has shown that their surface roughened during the 
thermal cycling of growing YBa2Cu307_o thin films 
[4]. Since LaAJ03 is isomorphic with LaGaO J and 
undergoes a second-order phase transition at 400 °C, 
one might expect that its surface would roughen as well. 
It is well known that for metal-substrate interfaces, the 
substrate's surface roughness increases the microwave 
losses [5]. Therefore, it is worthwhile to see if this same 
effect in the YBa2Cul07_rLaAl03 interface would 
cause any degradation of the superconducting proper-
ties of the film. 
At present there are two different commercial 
methods of making single crystals of LaAI0 3 • These are 
the Czochralski and the flame fusion methods. The 
method of substrate preparation could possibly deter-
mine the extent of surface roughening during thermal 
cycling of the substrate. Motivated by this possibility, 
substrates made by the two methods and obtained from 
different suppliers were subjected to the same thermal 
cycling conditions that they would have to undergo 
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roughening on the critical temperature of the su?e~con­
ducdng films, films of YBa2CuJO~-J were g:-own on 
each type of substrate, with identical gTowth cO:1ci:ions. 
by laser ablation. 
2. Experimental procedures and results 
The substrates measured were from two commercial 
vendors. Each 500 jlm thick substrate was polished cn 
both sides. The surface roughness of the substrate made 
by the Czochralski method (hereinafter called Czoch-
ralski substrate) and of the substrate made by the fia:ne 
fusion method (hereinafter called flame fusion substratel 
was compared before and after annealing. The rough-
ness was measured by a profiJometer and calculated by 
taking the root mean square deviation of the distribu-
tion of data points from a smooth curve fitted through 
the profilometer's data. For measurements before the 
annealing, a piec~',l .. ise, continuous, se::ond-order func-
tion was fitted to the data; for measurements after 
annealing, a straight line was fitted to the data. The 
substrates were annealed together at 750°C for 1 h wit·h 
a slow cool to room temperature in o.'(ygen. 
As can be seen from figure I, both susbtrates rough-
ened after annealing, although the Czochralski substrate 
roughened considerably more than the flame fusion 
substrate. For the flame fusion substrate. the average 
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Figure 1. Surface roughness of LaAI03 as measured with a 
profilometer before and after annealing for (a) flame fusion 
substrate and (b) Czochralski substrate. 
surface roughness before the annealing was -100 A, 
and after annealing it was - 530.A... On the other hand.., 
for the Czochralsld substrate the a .... erage surface rough-
ness before the annealing was - 130 A and after anneal-
ing an order of magnitude greater, -1490 A. 
Thin films of YBa l Cu30 7 _ d (-0.6)lm thick) were 
grown on the tv.'o substrates by a laser ablation tech-
nique [6-8]. The growth conditions of films on the two 
substrates were the same (see table 1). The ~ of the film 
made on a flame fusion substrate was 89.8 K and 
exhibited a narrow transition region ( -0.6 K); while 
the film made on the Czochralski substrate had a ~ of 
85.9 K. a broad transition region ( - 4 K), and a tail, as 
can be seen in the inset of figure 2. The difference in the 
~, 4.1 K. of the two films is approximately eight times 
the run-to-run repeatability normally observed for 
YBa2Cu307-1 films grown on SrTiO] or cubic zir-
conia.. 
Table 1. Deposition and in situ annealing parameters of 
high-temperalureYBa2 Cu3 0 7 _1 superconducting thin films 
grown by laser ablation. 
Growth temperature (cC) 
Oxygen pressure (Torr) 
Laser energy density per pulse at target (J cm- 2 ) 
Pulses per second 
In situ annealing oxygen pressure (atm) 
In situ annealing time to cool down to SO·C (h) 
750 
0.17 
2 
4 
1 
5 
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Figure 2. Plots of relative resistance against temperature 
for YBa2Cu3 0 7 _4 films on (100) LaAI03 made by flame 
fusion and by the Czochralski method. 
Since two rougbening behaviours were observed in 
La..AJ0 3 substrates made by tbe flame fusion method 
and the Czochralski method.., we believe that the rough-
ening IS not due to the intrinsic properti¢S of LaAl0 3 • 
The relatively large post-anneal roughening observed in 
the Czochralski substrate could have been caused by 
relief of stress created during the growth process or 
during the saVwing or polishing of the susbtrate. Since 
the stress could be manufacturing dependent, no con-
clusion about LaAIO] substrates made by the Czoch-
ralski method from other manufacturers can be drawn 
from this study. 
3. Conclusions 
We have shown that there is roughening of the surface 
of LaAIO] substrates when subjected to an annealing 
process similar to the one that the substrate undergoes 
during the deposition of YBa1Cu]07_1 thin films by 
laser abiation. The extent of the roughening was much 
greater in the sample made by the Czochralski method 
~han' in the, sample made by flame fusion. The roughen-
ing of the surface of the flame fusion substrate had no 
noticeable effect on the Ye. of the film deposited on iL 
However, we believe that the 4 K decrease in T.: for the 
film deposited on tbe Czochralski substrate may be a 
direct consequence of the enormous surface roughness 
developed by the substrate during the thermal cycling 
involved in the deposition process. Therefore, a careful 
testing of LaAlO] substrates must be performed, before 
the deposition of HTS films by laser ablation. to deter-
mine if their surface roughens as a result of the heating 
and cooling cycle involved in the deposition method. 
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Electromigration failure in YBa2Cu307 -x thin films 
Satish Vitta,a) M. A. Stan, b) J. D. Warner, and S. A. Alterovitz 
NASA Lewis Research Center, Cleveland, Ohio 44135 
(Received 13 September 1990; accepted for publication 12 November 1990) 
Electromigration failure in highly oriented YBa2Cu307 _ x thin films below the 
superconducting transition temperature is reported here for the first time. The film on SrTi03 
failed at 86 K, 2.3XIOs Acm- 2; while that on LaAl03 failed at 84 K, 9.3XIOs Acm- 2 
Scanning electron microscopy and energy dispersive x-ray analysis of the films after 
failure shows that Cu migrates preferentially away from the failure region towards the 
electrode. 
The phenomenon of electromigration (EM) has been 
extensively studied in mp,tals and alloys of A.l, Au, and Cn 
because of their usage in semiconductor integrated cir-
cuits. 1 The study of EM in oxide materials bad not been 
possible earlier because of their poor electrical conductiv-
ity. The recently discovered· oxide supercOnductors, how-
ever, exhibit metallic conduction behavior in the normal 
state and when fabricated into stripes of thin film, were 
found to carry current densities > 106 A cm - 2 in the su-
perconducting state.2 It is also known that holes and not 
electrons are the major charge carriers,3 and the oxygen 
atoms are highly mobile in these compounds.4 Hence the 
study of EM in these materials is important both for basic 
understanding and practical applicability. Recently, EM at 
200 and 350 cC in YBa2Cu307 -IJ sintered rods has been 
reported.s In this letter, results obtained from EM below 
the superconducting transition temperature in 
YBa2Cup7 _ x thin films on SrTi03 and LaAI03 substrates 
are reported. 
In the present work, Jhin films of YBa2Cu307 _ x were 
deposited onto SrTi03 and LaAl03 single-crystal sub-
strates by pulsed excimer laser ablation.6 The films, ::::;0.25 
p.m, were patterned using conventional optical lithography 
and chemical etching into stripes of size 40 p.m wide and 
2.0 mm long between the voltage contact pads. Very low 
resistivity ohmic contacts to the film were obtained by a 
thorough cleaning of the film surface followed by an evap-
oration of 0.3p.m Ag onto the pads. The Tc(R =0) for the 
film on LaAl03 is 88.6 K as compared to 90 K for the film 
on SrTi03. The transition width in both the films however, 
is < 2 K and the critical current density at 77 K defined by 
1.0 p. V cm - 1 is > 106 A cm - 2. 
Following the critical current measurements, the cur-
rent voltage (1- V) characteristics of the two films were 
studied. During these studies the samples were biased with 
currents which resulted in the development of electric 
fields as high as 50 m V cm - 1 along the stripe. However 
the time for which such high electric fields were sustained 
was very short « 60 s). The films were subjected to re~ 
peated temperature and current cycles during these obser-
vations. Since the temperature range of cycling was only 
between 30 and 90 K, thermal stress failure can be ruled 
a)National Research Council Associate. 
bJDepartment of Physics. Kent State University, Kent, Ohio, 44242. 
out. The films on both the substrates failed after ::::;40 h. 
The film on SrTi03 substrate failed at ::::; 86 K. The current 
density at this temperature was 2.3 X 105 A cm - 2 corre-
sponding to a field of 50 m V cm - 1. between the two volt-
age contacts. The film on LaAI03 on the other hand failed 
at ::::;84 K; 9.3X 105 A cm -2 and 20 mV cm -1. The sur-
face morphology of the films after they failed was studied 
both by optical and scanning electron microscopy and is 
shown in Figs. 1 and 2. In both films, failure occurred both 
across the main stripe and at the junction between one of 
the large current pads and the main conductor stripe where 
there is a large change in the cross-sectional area of the 
film. The failure pattern at the pad stripe junction is similar 
to that observed in the mechanical failure of materials-
initiation and propagation of a crack. The tendency of the 
crack-like feature to extend radially outward towards a 
current pad is reminiscent of the EM failure pattern in 
metals. Close observation of the scanning electron micro-
graphs reveals a macroscopic material displacement at 
both the failed regions. A clear material buildup can be 
seen along the sides of the crack-like feature and also away 
from it. This is similar to that observed in eleetromigration 
failure of metals and alloy thin films-formation of hill-
ocks and voids.7 In the case of metals and alloys, voids or 
cracks are observed at the cathode and material buildup in 
the form of hillocks is found both at the anode and along 
the length of the conductor stripe. In the present case of 
YBa2Cu307 _ x a clear distinction between voids and hill-
ocks as seen in metals is .not observed. 
The composition analysis of the film using energy dis-
persive x-ray analysis technique at different points along 
the length of the stripe shows several salient features. Far 
away from the failure region and towards the seemingly 
unaffected current pad, a contour mapping of the three 
cations, Y, Ba, and Cu, shows that they are uniformly 
distributed over the entire area. However, at the regions of 
failure, a clear segregation of the three elements is ob-
served. A very noticeable fact is that there is a relative 
depletion of Cu at the failed region on the stripe as com-
pared to that near the current pad. 
In the EM studies of YBa2Cup7 -IJ at 200 and 
350 cC,5 it was found that the material decomposes into a 
number of phases at the anode accompanied by an oxygen 
enrichment at the cathode. This has been attributed to the 
nature of charge carriers (holes) and also the ease of ox-
ygen diffusion. It is well known from the crystallographic 
Appl. Phys. Lett. 58 (7),18 February 1991 0003-6951/91/070759-03$02.00 @ 1991 American Institute of Physics 
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FIG. \. Scanning electron microscope (SEM) micrographs of elect rom i-
gration failure in the YBa2Cup7 _ x film on (IOO)SrTiO) substrate: (a) at 
the current pad-main conductor stripe junction, (b) across the main con-
ductor stripe. 
studies8 that the ° atoms are primarily in the eu and Ba 
planes. Hence migration of the anion (0) towards the 
cathode should lead to the migration ofCu and/or Ba. The 
relative depletion of Cu in the middle and an enrichment at 
the pad observed in the present work clearly indicates that 
the migrating cation is Cu. The diffusion studies of 63Ni in 
YBa2Cu307 _ 6 thin films in the temperature range 500-
650°C yielded activation energies and diffusion coefficients 
similar to those of Cu self-diffusion,9 further indicating 
that Cu is the migrating cation. The YBa2Cu307 _ x com-
pound is known to be unstable below an oxygen concen-
tration of 5.8 and decomposes into various phases. lO The 
conductivity of the decomposed phases varies from metal-
lic to insulating values. Decomposition of YBa2Cu307 _ x 
by EM into various low conductivity phases in the pres-
ence of the high current densities used in these experiments 
could lead to a thermal failure known as thermomigration. 
The rounding of the walls of the crack-like feature is evi-
dence for possible heating. 
Electromigration of atoms, in general, is due to diffu-
sion of the atomic species in the presence of an external 
driving force. In the case of thin polycrystalline films, dif-
fusion will be along the grain boundaries and the surface as 
the bulk diffusivity will be negligible at low temperatures. 
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FIG. 2. SEM micrographs of electromigration failure in the 
YBa,Cu,O,_x film on (IOO)LaAlO, substrate: (a) at the current pad-
mai; co~ductor stripe junction, (b) across the main conductor stripe. 
The driving force for electromigration in the free electron-
gas description of a conductor is typically assumed to have 
two components: (i) direct force on the charge of the mi-
grating ion due to the applied electric field (E), and (ii) 
force due to momentum transfer from the charge carriers 
to the migrating atom "wind force." 
The average grain size in both the films is < 0.25 /-Lm, 
which is comparable to the film thickness, and the grains 
are preferentially aligned with the c axis perpendicular to 
the film plane. However the in-plane alignment of the 
grains is known to be random. These factors are known to 
enhance electromigration. The residual resistivity fraction, 
which contributes to the wind force at the failure temper-
ature obtained by extrapolating the normal-state resis-
tance, is found to be 0.14 and 0.19, respectively for the 
films on SrTi03 and LaAI03. These relatively high values, 
as compared to metals and alloys together with the micro-
structural features, lead to electromigration failure in the 
high-temperature superconducting materials. 
In conclusion, electromigration-related failure in 
YBa2Cu307 _ x thin films has been reported here for the 
first time. The phenomenon of EM in oxide superconduct-
ors in general is complex due to the associated phase 
changes and decomposition as a function of oxygen con-
centration. The grain boundary diffusivity and its anisot-
ropy, if any, are not currently known. Also, since the 
normal-state conduction in these materials is completely 
different, the driving force for EM cannot be estimated 
using the models applicable to metals and alloys. A de-
tailed understanding of the charge distribution and screen-
ing effects is necessary to estimate the driving force. De-
tailed investigation of these factors is currently in progress. 
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ABSTRACT 
High temperature superconducting films of YBa2Cu307_X (YBCO) were grown on 
SrTi03 , LaA103, and YSZ substrates using two techniques: excimer laser ablation 
with in-situ annealing and co-evaporation of Y, Cu, and BaF2 with ex-situ, 
annealing. Film thicknesses were typically 5000 A, with predominant c-axis 
ali gnment perpendi cu 1 ar to the substrate. Crit ica 1 temperatures up to 
Tc(R=0)=90K were achieved by both techniques. Ellipsometric measurements were 
taken in the range 1.6-4.3 eV using a variable angle spectroscopic ellipsometer. 
The complex dielectric function of the laser ablated films was reproducible from 
run to run, and was found to be within 10% of that previously reported for (001) 
oriented single crystals. A dielectric overlayer was observed in these films, 
with an index of refraction of approximately 1.55 and nearly zero absorption. 
For the laser ablated films the optical properties were essentially independent 
of substrate material. The magnitude of the dielectric function obtained for 
the co-evaporated films was much lower than the value reported for single 
crystals, and was sample dependent. 
INTRODUCTION 
Ellipsometry of thin films is a non-destructive technique used to 
characterize the properties and morphology of thin film materials. It is 
particularly suitable for thin films since it is - non-destructive, highly 
accurate, and self-normalizing. Recently several investigators have used-
ellipsometry to study the dielectric function of sintered pellets [1-4] made from 
superconducting ma.'terials such as YBCO, CaBi2Sr2Cu~08' and MBa2Cu307. where M is 
a lanthanide, as well as single crystal YBCO [l,4J. In general, their results 
show that the oxygen content has a strong effect on the imaginary part (f2) of 
the dielectric function feE), but the absolute values depend on the sample. For 
instance, the measured values of the dielectric function of single crystal 
samples when compared show very different values in the literature [1,4]. Thus, 
there is no calibration spectrum that can.be used for further ellipsometric 
studies of morphology and/or overlayers. This fact has essentially prevented 
any meaningful application of ellipsometry to high temperature superconductors 
in the last two years. 
In this study we will present the application of ellipsometry to the study 
of sample surface, and overlayer nature and growth rate mainly on laser ablated 
YBCO superconducting films deposited on several substrates. First, we 
demonstrate the detection of the presence of a thin overlayer on laser ablated 
films, its refractive index, thickness, and time evolution. Second, we compare, 
using SEM and ellipsometry, the surface morphology of YBCO thin films made by 
two techniques: laser ablation with in-situ oxygen anneal and co-evaporation 
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with ex-situ anneal. Thus, we show that ellipsometry is a valid technique for 
the evaluation of surface quality in thin HTS films. It is expected that the 
above study should lead to extensive application of ellipsometry to the 
investigation of the surface properties of high temperature superconductors. 
EXPERIMENTAL 
Samples were prepared by two methods: laser ablation.and co-evaporation. 
The laser ablation technique ~5] was based on an excimer laser working at 248 
nm, energy den~ity of 1.5 J/cm /pulse with 4 pulses per second. The target was 
a sintered 25 mm diameter YBCO pellet located 8 cm from the sample at 45° to the 
laser beam. The beam was rastered up and down 1 cm over the target using an 
external lens on a translator. The substrates used in this study, namely SrTi03, 
YSZ (yttria stabilized Zr02) , and LaA103, were mounted on a stainless steel.p.1ate 
with a diameter of 63 mm. The plate was heated from the backside by resistive 
heat i ng, wh i 1 e a type K thermocoup 1 e, welded to the plate, was used for 
thermometry. After a preheat to 500°C, oxygen was introduced into the chamber 
and the samples were heated to temperatures at or near 775 °C. During deposition 
an oxygen pressure of 170 mTorr was maintained. After deposition the oxygen 
pressure was raised to 1 atm and the temperature was lowered slowly (at a rate 
of 2°C/min) to 450°C, maintained there for 2 hours, then lowered slowly to 250 
°C and finally cooled below 40°C for removal. The co-evaporation method was 
essentially the same as the one described in reference [6] .. Two electron guns 
were used to evaporate Y and Cu while thermal evaporation was used for BaF2. The 
ex-situ anneal step started with wet oxygen for 1 hour at 875°C, followed by 
a dry oxygen anneal, 1 hour step down to 550°C, 1 hour at 550 °C, and finally 
oven cool down. The critical temperature, Te, was measured resistively using a 
four point technique. In some cases the actual samples were tested, while other 
times samples made in the same run were measured. The ellipsometric technique 
was described elsewhere [7] and will not be repeated here. Analysis of the 
results was done mainly using a substrate and ambient model, while in some cases 
a substrate, film, and ambient model was applied. Rough surfaces were modeled 
by a combi nat i on of voi ds and substrate materi a 1 us i ng the effecti ve medi urn 
approximation (EMA) [8]. 
RESULTS 
Results reported here were obtained on samples prepared in separate runs 
on both the laser ablation and co~evaporation techniques. All samples show c-
axis alignment, with only (001) peaks present in the X-ray diffraction pattern. 
Altogether 12 laser ablated and 5 co-evaporated films were measured. Data will 
be reported only for samples with a Tc(R=O) higher than 82 K. This is 
essentially all of the films since a Te(R=O) higher than 85 K was characteristic 
of most of the films, especially in the case of the laser ablated films. The 
thickness of the films was typically 5000 A, thus ensuring that it was much 
larger than the optical penetration depth. Several measurements at different 
angles of incidence, in the range 65°-75°, were performed for all samples. The 
measured ellipsometric parameters tan(~) and cos(A) were used to calculate the 
dielectric function, ~, directly.The results gave essentially the same value of 
the dielectric function, €, independent of the angle of incidence for the samples 
shown here. Results for € for four representative samples made by laser ablation 
are compared with that of single crystal YBCO [4] in Fig. 1. 
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FILMS AND A SINGLE CRYSTAL YBCO [4]. 
All laser ablated samples, irrespective of the substrate material, gave 
dielectric functions with very similar shapes. However, some of them gave 
absolute values lower than the majority. The lowest dE) values obtained for 
any laser ablated sample are shown in Fig. 2, labeled "before Q tip cleaning". 
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FILM BEFORE AND AFTER MECHANICAL CLEANING. 
145 
In the course of making electrical contacts to the laser ablated films, we found 
that the qua 1 i ty of the contacts is poor. A sol ut i on to th is prob 1 em was 
mechanical cleaning of the surface. This fact is related to the result 
previously reported for YBea, namely the interaction with air to produce BaC03 
and Ba(OH)2 [9-11]. The Ba(OH)2 is formed only as an intermedi~te step to the 
BaC03 formation, with grain boundaries covered primarily by BaC03 [9-11]. 
Mechanical cleaning with a Q tip removed a small amount of white film from the 
samples with low values of the dielectric function. Fig. 2 displays € before 
and after mechanical cleaning. Cleaning was done with the sample in the 
ellipsometer, with dry nitrogen flowing for the measurement. The difference 
between these two spectra was analyzed as follows: dE) after mechanical 
cleaning was assumed as the calibration €(E), while the result for €(E) before 
cleaning was analyzed as substrate-dielectric film-ambient. The refractive index 
of the 72 A film was found to be 1.55. Moreover, it is not a function of energy, 
i.e., it does not have dispersion in the visible. This fact shows that the 
overlayer is an insulator. This value of the refractive index and the color are 
in good agreement with pub 1 i shed data [12] for BaC03 , not Ba (OHh. The BaC03 film growth rate in air, at temperatures around 20°C, was studied by measuring 
the film thickness versus time. Measurements started immediately after the 
mechanical cleaning and lasted 480 hours. The final thickness was 35 A, showing 
a rather slow growth rate, of the order of 1.5 A/day, for this sample. We found 
that the quality of electrical contacts made by silver evaporation and annealing 
in oxygen depends on the thickness of the dielectric layer. In the worst cases, 
the silver contact would peel off the sample when a small force was applied. 
Results of €(E) functions of cleaned samples show much less variation in absolute 
value versus the original measurements. 
Dielectric functions of two co-evaporated samples are shown in Fig. 3. 
€(E) in this case is sample dependent and bear small similarity to the single 
crystal result. SEM micrographs of the fi lms show the presence of voids on 
otherwise dense films. In addition, the films show more roughness on the surface 
as compared to the laser ablated films which have <0.25 pm surface roughness as 
seen by SEM. 
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We t.ried. to desc!,ibe the morphology by the EMA method [8], i.e. using a 
combl~atlon of vOlds and YBCQ. The free parameter used was the void volume 
fractlon, f. A test of the quality of this model is given in Fig. 4, where the 
best ~alue of f (25.8%) was used to generate ~ and ~, and compared with the 
experl~ental r~sults. The. quality of the fit is only moderate, showing that this 
model 1S marg1nally appllcable. We obtained large void fractions typically 
around 20-25%. 
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Evaluation of a dielectric function for ell ipsometric characterization 
purposes requires an absolutely perfect surface. As YBCO reacts with air, and 
the surface morphology of this new type of material is not completely under 
control, the dE) determination is not a simple matter. Our results show a 
scatter just below 10% among themselves and versus the single crystal result. 
The best analysis of the overl ayers , which are below 10 A in many cases, is 
reached when the e(E} of the cleaned sample is used as the substrate e(E}, i.e. 
not by using a universal dE) function. In this way surface irregularities do 
not interfere with the overlayer analysis. The fact that our results are so 
similar to the single crystal' result of reference [4] shows that the laser 
ablation technique gives smooth crystalline films and that the e{E) given in [4] 
is for a good quality single crystal. The overlayer, probably BaC03 , was shown 
to grow very slowly. However, we believe that the growth rate depends on the 
stoichiometry of the material on the top surface layer. Thus, the experimental 
growth. rate measured here is only for one particular case, obtained for a high 
quality crystalline film. 
The EMA analysis of the co-evaporated films was not completely success-
ful. The reasoris_for this, in our opinion, are mainly the cdmplex nature of the 
surface roughness, and, toa lesser extent,the imperfect stoichiometry on the 
surface of these films. We expect the void fraction to be a function of depth, 
with lower values of f as we move into the film. These facts, along with the 
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anisotropy of the materi-al, result in a dielectric function that is probably 
different from our calibration function. 
CONCLUSIONS 
We obtained reproducible results for the dielectric function on fully c-
axis aligned samples. In absolute value, this result is very similar to the 
function obtained for (001), platelet-like, free-grown, single crystals [4]. 
The differences are smaller than 10% at any value of the spectrum. We used our 
result as the calibration spectrum for subsequent studies, although the single 
crystal result of reference [4] is probably just as reliable. An overlayer of 
BaC03 was measured on top of these films and its growth rate was determined. Results of the overlayer properties analysis compare favorably with the 
literature. The comparison of the ellipsometry and SEM studies shows that 
smoothness and density of the film surface are the crucial parameters in -the 
ellipsometric results on YBCO films. At present, ellipsometry has been s~own 
to be useful to the study of laser ablated YBCO films. More work is needed to 
assess the application of this technique to the study of co-evaporated films. 
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Millimeter-wave surface resistance of laser-ablated YBa2Cu307_8 
superconducting films 
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We have measured the millimeter-wave surface resistance of YBa2Cu307 _ (j superconducting 
films in a gold-plated copper -host cavity at 58.6 Glk between 25 and 300 K. High 
quality laser-ablated films of 1.2 /Lm thickness were deposited on SrTi03 and LaGa03 
substrates. Their transition temperatures (Tc's) were 90.0 and 88.9 K, with a surface 
resistance at 70 K of 82 and 116 mO, respectively. These values are better than the values 
for the gold-plated cavity at the same temperature and frequency. 
The characterization of the new high transition tem-
perature (Tc) superconductors at millimeter-wave frequen-
cies is necessary in order to determine the.ir suitability for 
practical microwave applications. A parameter of these 
new materials which directly provides this information is 
the surface resistance (Rs). The Rs of high quality 
YBa2Cu30, _ {j superconducting films deposited on various 
microwave substrates has been measured at different fre-
quencies and temperatures by several researchers. 1-4 To the 
best of our knowledge, however, no measurements have 
been reported at frequencies around 60 GHz. In this letter 
we report on the first measurements of the millimeter-wave 
surface resistance at 58.6 GHz of two predominantly c-axis 
oriented polycrystalline YBa2Cu307 _ {j films deposited on 
SrTi03 and LaGa03 by pulsed laser ablation. 
The pulsed laser ablation technique is similar to that 
used by other researchers.5,6 The deposition was performed 
at a substrate temperature of 750·C and an ambient oxy-
gen pressure of 170 mTorr. The laser wavelength was 248 
nm, the pulse length was 20-30 ns, and the pulse rate was 
4 pulses per second. The distance between the target and 
the sample was kept at 7.5 cm, and the laser fiuence on the 
target was maintained at 2.0 J/cm2 per pulse. During the 
deposition process, the laser beam was scanned up and 
down 1 cm over the target using an external lens on a 
translator. At the end of the deposition process, the oxygen 
pressure was raised to 1 atm, and the temperature was 
lowered to 450·C at a rate of 2 ·C/min. The temperature 
was held at 450 ·C for 2 h before it was lowered to 250 ·C, 
also at a rate of 2 ·C/min. The heater power was turned off, 
and the sample was allowed to cool down to 40 ·C or less 
before it was removed from the chamber. A more detailed 
explanation of the deposition technique can be found in 
Ref. 7. 
The films were analyzed by x-ray diffraction, dc resis-
tance versus temperature measurements, and scanning 
electron microscopy (SEM). The dc resistance was mea-
sured using a standard four-probe technique. Zero dc re-
sistance was attained at 90.0 and 88.9 K for the films on 
SrTi03 and LaGa03, respectively (see Fig. 1). A typical 
critical current density for films on SrTi03 at 77 K was 
2x lOll A/cm2 when using the 1 /LV Icm measurement cri-
teria. The resistivity at 300 K for the films on SrTi03 and 
LaGa03 was 130±30 and 220±50 /LO cm, respectively. 
The uncertainties arise from the irregular geometry of the 
s~mple~ and uncertainties in the film thicknesses. The x-ray 
diffraction pattern revealed that both films are predomi-
nantly c-axis oriented. Figure 2 shows SEM micrographs 
for the two films under study, which indicate that both 
films are polycrysta1line. 
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FIG. 1: dc' resistance vs temperature measurement of laser-ablated 
YBaZCuJ07 _ 6 superconducting films on SrTiOJ and LaGaOJ substrates. 
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where I is the length of the cavity, a is the radius of the 
cavity,fis the frequency, Jo and J 1 are normal Bessel func-
tions, qOI = 3.8317 is the first zero of JI, and n is the lon-
gitudinal mode number. When one of the cavity's end walls 
is replaced with the sample, the Q factor becomes 
. .. 
, '. 
I . Q2= R sd2PQ6IJ6(QO\)] - 2(1Tn)2a3Jo(Qol)J2(QO\)(Rsl + R s2 ) , 
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FIG. 2. Scanning electron micrographs of laser-ablated YBaZCuJ0 7 _ 6 
superconducting films on SrTiOJ (a) and LaGaOJ (b) substrates, 
The surface resistance Rs is measured by looking at the 
change in the Q factor of a cylindrical, TEo13 mode, gold-
plated copper cavity operational at 58.6 GHz when one of 
its end walls is replaced by the superconducting film sam-
ple. Using an HP-8510 network analyzer and the Ginzton's 
impedance method,8,9 the Q factor for the cavity is deter-
mined from the reflection coefficient. The Q factor is de-
fined as 
Q=wo(maximum energy stored)/power loss 
(1) 
where Rs is the surface resistance of the cavity walls, Sis 
the inner surface of the cavity, V is the volume of the 
cavity, and HI is the tangential field. Integrating Eq. (I) 
we obtain that the Q for the bare cavity is given by 
(2) 
(3) 
where Rs2 is the surface resistance of the superconducting 
sample and Rsl is the surface resistance of the other cavity 
walls. Hence, the surface resistance Rsl of the metal is 
obtained from Eq. (2) by measuring the Q factor of the 
bare cavity (QI)' and then Rs2 is computed from Eq. (3) 
by measuring the Q factor with the sample in place (Q2)' 
In Fig. 3 the measured Rs( T) curves for the two films 
under consideration are shown. A1so plotted is the exper-
imental surface resistance of the gold-plated reference cav-
ity for comparison. The Rs for the two films is comparable 
in the normal state, while the Rs of the film on SrTi03 
decreases faster than that for the film on LaGa03 at tem-
peratures just below Te' Using the normal skin depth for-
mula Rs = (WJirjJ/2) 112, we obtained values for the resis-
tivity, p, and skin depth, S, at 300 K of approximately 118 
JiD. cm, and 2.3 Jim for the film on SrTi03 and 158 JiD. cm 
and 2.7 Jim for the film on LaGa03' Note that the strong 
"oscillatory" behavior of Rs as a function of temperature in 
the normal state, observed for films on SrTi03 by other 
researchers,3 was not observed in our case. This is not 
unexpected due to the greater film thicknesses employed 
here. 
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In the superconducting state, the films on SrTi03 and 
LaGa03 exhibit a drop of Rs to effective values of 103± 15 
and 144±20 mB at 77 K, and 82± 15 and 116±20 mD. at 
70 K, respectively. The surface resistance at 77 K for the 
film on SrTi03 is less than that of the gold-plated cavity, 
while for the film on LaGa03, Rs is the same as for the 
1.0c----r----r---~----~--~----~ 
TEMPERATURE. K 
FIG. 3. Surface resistance (R,) at 58.6 GHz vs temperature for 1.2 fJ.m 
films of YBa,Cu,07 _ 6 deposited by laser ablation onto SrTiO, (0) and 
LaGaOJ (0) substrates, and for the gold-plated cavity (6). 
gold-plated cavity. Since we are operating at a fixed fre-
quency, we cannot study the frequency dependence of Rs 
directly from our measurements. Nevertheless, a compar-
ison with Rs values reported by other researchers in similar 
types of films and at different frequencies, may be helpful 
to formulate a frequency dependence trend for R,. Thus, 
using the results obtained by Klein et al.1O for c-~xis tex-
tured layered samples of YBa2Cu307 _ 6, and fitting their 
data to a quadratic frequency dependence for Rs give an Rs 
value of 102 mn at 58.6 GHz and 77 K. This value agrees 
very well with our experimentally obtained value of 103 
mn at the same temperature. An analog approach was 
used for our film on LaGa03' Using the data reported by 
Cooke et al. 4 for a YBa2Cu307 _ {j superconducting film 
deposited by magnetron sputtering on LaGa03, an inter-
polation of Rs between their reported values measured at 
22, 86, and 148 GHz and at 70 K was performed. The 
resulting R, value of 106 mn at 58.6 GHz compares favor-
ably, within experimental error, with our value of 116 mn 
at the same frequency and temperature. This result indi-
cates that our value fits well with the nearly quadratic 
dependence for Rs (Rset::lJ.l, n = 2.06±0.14), as reported 
in Ref. 4. The results obtained from this correlation are 
very consistent with the experimental behavior observed in 
low T, superconductors and also with the predictions of 
the Bardeen-Cooper-Schrieffer (BCS) theory. 
In conclusion, the surface resistance of preferentially 
c-axis oriented polycrystalline YBa2Cu307 _ {j super-
conducting laser-ablated films has been measured at 58.6 
GHz via a TEo13 cavity wall replacement technique. The 
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values of Rs obtained for the films on SrTi03 and LaGa03 
at 77 K are less or equal to that of the gold-plated cavity. 
A comparison of the Rs values obtained for both films with 
values for similar films measured by other researchers at 
different frequencies shows that our values are consistent 
with the frequency dependence for R, observed in classical 
superconductors and with the predictions of the BCS the-
ory. 
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ing in 1988 from the University of Texas at E1 Paso and an M.S. 
degree in Solid State Physics in 1990 from Arizona State Univer-
sity. While at Arizona State, he made theoretical calculations on 
the effect of a magnetic field on the optical properties of semi-
conductor alloys. While pursuing his degree, he participated in 
several co-op programs. In the summer of 1987, while with the 
Arizona Public Service, he conducted an economic study on the 
installation of underground power lines. The following summer, 
he was accepted into the NASA Lewis Summer internship 
program. During that time, he was involved in a research 
program to investigate the magnetic field penetration depth of 
superconducting materials. He returned to NASA Lewis in the 
summer of 1989 where he asssisted in the development of 
automation software for a secondary ion mass spectrometer. In 
1990, he joined the Solid State Technology Branch at NASA 
Lewis Research Center as a full-time employee. His current 
interests lie in both the theoretical and experimental investigation 
of the electrical properties of novel semiconductor materials. 
Mr. Mena has authored a paper on his work conducted at Ari-
zona State University. 
Carlos R. Morrison, a native of Jamaica, earned his B.S. 
(Honorary) degree in Physics in 1986 from Hofstra University 
where he was elected to the Sigma Pi Sigma National Physics 
Honor Society, the Kapa Mu Epsilon National Mathematics 
Honor Society, and the Society of Physics Students. He received 
a Master's degree in Physics in 1989 from the Polytechnic 
Institute of New York. He joined NASA Lewis Research Center 
in September of 1989. He worked for a short time in Reliability 
and Quality Assurance, then transferred to the Solid State 
Technology Branch in January of 1990. Currently Mr. Morrison 
is involved in thin film deposition and ellipsometry. 
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George E. Ponchak earned his B.E.E. from Cleveland State 
University in 1983, and his M.S.E.E. from Case Western Re-
serve University in 1987. He joined the Space Electronics 
Division at NASA Lewis Research Center in July, 1983. Since 
joining NASA, he has been responsible for research of micro-
wave and millimeter wave transmission lines and managing the 
development of monolithic microwave integrated circuits. Mr. 
Ponchak has coauthored 22 papers on these topics. In September 
of 1990, Mr. Ponchak attended the University of Michigan for 
one year to complete coursework towards a Ph.D. in Electrical 
Engineering. 
John J. Pouch earned his Ph.D. in Solid State Physics from 
Wayne State University, Detroit, MI, in 1981. His research 
activities at NASA Lewis Research Center include surface 
analysis of thin films for microelectronic applications, plasma 
and reactive ion etching, and plasma deposition. 
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Robert R. Romanofsky earned a Bachelor of Science Degree 
in Electrical Engineering from Pennsylvania State University, 
and a Master of Science Degree in Electrical Engineering from 
he University of Toledo. He has been employed in the Space 
Electronics Division of NASA Lewis Research Center since 
1983. He spent one year at NASA Headquarters in Washing-
ton, D.C., as the acting program manager for superconductivity 
and RF communications. His work has involved microwave 
transmission line research and device characterization and 
modeling. Recently, he has been investigating microwave 
applications of high-temperature superconductivity. 
Samuel E. Schacham earned his B.S. degree in Mathematics 
and Physics with honors in 1971, and an M.S. degree in 
Physics in 1973 from Bar llan University, Ramat-Gan, Israel. 
He performed research work on nonlinear optical effects in 
liquid crystals at the Weitzmann Institute and Bar Han Univer-
sity. He received a Ph.D. degree in Biomedical Engineering in 
1978 from Northwestern University, Evanston, IL, working on 
applications of lasers to microendoscopy. From 1978 to 1981, 
he was the manager of the optic group at Fibronics Ltd., Haifa, 
Israel. From there he joined the Department of Electrical 
Engineering at the Technion in Haifa. In 1988 he was a 
visiting scientist at MCNC Research, Traingle Park, NC, 
working on optical interconnects as part of the packaging 
group. Presently, he is with NASA Lewis Research Center as 
a National Research Council Senior Research Associate. His 
present research interests are in the physical properties of 
quantum structures and narrow bandgap semiconductors. His 
list of publications includes 40 papers in international scien-
tific journals and referred conferences. 
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Ajit K. Sil earned his B.S. degree from Calcutta University, 
India. He emigrated to the United States and was employed by 
Oakwood Downriver Medical Center. He received his second 
B.S. degree in Electronic Engineering Technology in 1988 from 
Wayne State University, Detroit, MI. He joined the NASA 
Lewis Research Center in July of 1989 as a member of the Solid 
State Technology Branch where he is working with microwave 
integrated circuits and solid state devices. He is currently 
working toward his M.S.E.E. at Cleveland State University. 
Rainee N. Simons earned a B.E. degree in Electronics and 
Communications from the Mysore University in 1972, and an 
M. Tech. degree in Electronics and Communications from the 
Indian Institute of Technology, Kharagpur, in 1974, and a Ph.D. 
in Electrical Engineering from the Indian Institute of Technol-
ogy, New Delhi, in 1983, where he was a Senior Scientist 
Officer. From 1985 to 1987, Dr. Simons was a National Re-
search Council Research Associate and investigated the direct 
optical control of GaAs microwave semiconductor devices and 
circuits. Since 1990, he has been with Sverdrup Technology, 
Inc., NASA Lewis Research Center Group. His research interest 
include GaAs microwave semiconductor devices, optical control, 
and superconductivity. Dr. Simons is the author of a book 
entitled "Optical Control of Microwave Devices" published by 
Artech House. He has received the Distinguished alumni award 
from his alma mater and is a senior member of IEEE. 
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Mark A. Stan earned his B.S.E.E. degree in 1978 from 
the University of Akron. He was employed by the Allen-
Bradley Company as a digital circuit design engineer 
until 1980. He then returned to graduate school at Case 
Western Reserve University to study the physics of 
melting in two-dimensional systems, completing work for 
his Master's degree in 1982 and a Ph.D. degree in 1988. 
In 1987 he began research work at NASA Lewis Re-
search Center in the areas of characterization and growth 
of high-temperature superconductors. Currently Dr. Stan 
is a Resident Research Associate. He is a member of the 
American Physical Society (APS), the Materials Research 
Society (MRS), and the Institute of Electrical and Elec-
tronic Engineers (IEEE). 
Stephan Stecura earned an M.S. degree in Physical Chemistry 
in 1957 from Western Reserve University, and a Ph.D. in Solid 
State Reaction Kinetics-Thermodynamics in 1965 from 
Georgetown University. From 1958 to 1965, at College Park 
Metallurgy Center, he studied the kinetics of crystallographic 
transformation and the high-temperature properties of oxides 
by high-temperature, x-ray diffraction techniques. He de-
signed and built high-temperature, x-ray diffraction equipment 
and was invited to present the high-temperature, x-ray diffrac-
tion, arc-image furnace, capable of reaching 3000 degrees 
Celsius in air, at the International Crystallographic Society 
meeting. Since 1965, he has been with NASA Lewis Research 
Center. His work on heat pipes led him to determine the 
corrosion mechanism and the true solubilities of containment 
metals and alloys in alkali metals. He developed thermal 
barrier systems for the protection of alloy components at very 
high temperatures, up to 1600 degrees Celsius, on air-cooled 
components. Currently, he is studying the properties of 
superconducting materials and is trying to identify substrate 
materials for superconducting films. Dr. Stecura is recognized 
as an authority on the thermal barrier system technology that 
he developed. For his work in this field, he has received two 
IR-lOO awards, one major Space Act award, and three major 
patents. He has written more than 30 original publications and 
is a member of the American Ceramic Society. 
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Susan R. Taub earned her B.S. degree in Electrical Engineering 
Technology in 1988, and a Master of Science degree in Electrical 
Engineering in 1990 from Temple University. In 1988 and 1989, 
she worked for AT&T Bell Laboratories, Reading, PA, develop-
ing PSPICE compatible models for power MOSFET's. She 
joined the Solid State Technology Branch of NASA Lewis 
Research Center in 1990, and is currently involved in the design 
and characterization of MMIC's and the investigation of HEMT 
performance at cryogenic temperatures. Ms. Taub is a member 
of IEEE. 
Joseph D. Warner earned an M.S. in Physics from Carnegie 
Melon University in 1977. From 1977 to 1981, he performed 
research at CM.U. on magnetic phase transition at low tem-
perature. Since that time, he has been with NASA Lewis 
Research Center where he characterized various insulators on 
GaAs and was among the first to demonstrate growth of GaAs 
by laser-assisted OMCVD at temperatures below 500 degrees 
Celsius. Presently, he has set up a laser ablation experiment to 
grow high-temperature superconducting thin films. In 1989, 
he received a NASA Achievement Award for his part in 
establishing a high-temperature superconductor program at 
NASA Lewis. Mr. Warner has authored papers on magnetic 
phase transitions, eleclrical properties of insulation films on 
111-V compounds, laser assisted growth of GaAs and AIGaAs, 
and properties and growth of high-temperature superconduc-
tors. Mr. Warner is a member of the American Physical 
Society (APS), the American Vacuum Society (AVS), and the 
Materials Research Society (MRS). Currently, he is on a one-
year assignment to the Jet Propulsion Laboratory where he 
participates in the development ofPhotonic intergrated cir-
cuits. 
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